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GENERAL PREFACE 

T his series of small monograplis is one which should 
commend itself to a wide held of readers. 

The reader will find in these volumes an up-to-date 
resume of the developments in the subjects considered, 
Tho references to the standard works and to recent 
papers will enable him to pursue further those subjects 
which he finds of especial interest. The monographs 
should therefore ho of great service to physios students 
who have examinations to consider, to ihose who are 
engaged in research in other branches of physios and 
allied scienoes, and to the large number of science 
masters and others interested m the development of 
physical science who are no longer in close contact with 
recent work. 

From a consideration of the list of authors it is clear 
that the reader need have no doubt of tho accuracy of 
the general accounts found in those volumes. 

0. W. BICHAEDSON 

King’s Collbgb 
London 
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PREFACE 

I N this book I have aimed at describing briefly the 
present outlook on certain aspects of magnetism, 
mainly those concerned with the magnetic properties 
of materials. The general idea underlying the choice 
of subject-matter and the treatment is indicated in the 
introduction. As the book is intended primarily for 
those to whom the subject is not new, I have dealt at 
greater length with the more recent developments. 

Extensive references would have been out of place, 
but where work since 1925 is considered, I thought the 
usefulness of the book would be increased by footnote 
references, which may be regarded as supplementing 
those in Magnetism and Atomic Structure. Befercnces 
to the earlier papers will be found in the books and 
articles mentioned in the note at the end, so that there 
should be no difficulty in following up any particular 
tome in. greater detail. 

The book is written in the hope that it will be useful 
as a general survey, and as an introduction to those 
who wish to carry out research on the subject ; and 
also that it may suggest new points of view to those 
whose main soientiflo interests lie in other dhreotions. 

EDMOND 0. STONER 

DBPAItXMnNT OF Fhvsiob 
■Univebsity oy LmjiDS 
November, 1929 
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MAGNETISM 


INTRODUCTION 

S CIENCE is largely oonoerned with the relation of 
detailed facts to general principles. Its progress is 
marked not only by the discovery of now facts but also by 
the discovery of relations between facts apparently uncon- 
nected. The different branches of physics, such as bght, 
electricity, magnetism, grew from investigations of differ- 
ent particular phenomena, and they oould at first be 
regarded as completely independent. Now, however, that 
independence is lost, and in dealing with a special branch 
of physics, it is perhaps desirable to begin by considering 
briefly its place in the wider scheme. Also, as only a 
few aspects of magnetism will be treated in this book, 
the limitations which have been imposed in the choice 
of subject-matter will be indicated. 

Among the ‘ laws ’ of physios Eddington has dis- 
tinguished three types, identical, statistical and trans- 
cendental, which togetW embrace the whole of physics. 
The ‘ identical ’ laws are those oharaoteristio of field 
physios. The extension of the general theory of rela- 
tivity is loading to a synthesis in which both gravita- 
tional and electromagnetic ‘ fields ’ appear as mani- 
festations of the structure of the space time world. 
With the aspects of magnetism which fall in this scheme, 
this book will not be primarily oonoerned. The field 
theories, oomjirehensive though they are, give no indi- 
cation of a necessary existence of that discreteness which 
is actually found. The existence of atoms, electrons 
and quanta must at present be regarded as fundamental ; 
it is tiie ‘ transcendental ’ laws whioh are concerned vrith 
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their hehavioiir. 'I’lio iiHjK'eis of nwffnol isi\i to bo trealod 
hero nro lor tlio most ]iart ihoMO whoH(i iiiU'r[)rel.ition 
must ovontually bo found inoiidy iu tertua of tlicao trans- 
cendoiital laws, though etatiatioal laws aro also involvod. 

An account will ho given of tho magnetic properties 
of matei'ials, and it will deal mainly with the effect 
of magnetic fields on the state of magnetization. Second- 
ary effects of fields, such as those on light omission 
and transmission, will only be dealt with briefly, and 
in so far as they bear on the main subject. With these 
limitations, it seems possible to give in a short space 
an account not only of the general principles but also 
of some of the dotadled facts. It wfil be shown that, 
largely as a result of the work of tho last few years, 
an enormous number of facts can be correlated in terms 
of those general piinciples which are gradually being 
built up to describe the spectroscopio behaviour of 
atoms and their interaction. Attention will be directed 
to problems which await further exporimental and 
theoretical investigation. 

Methods of measurement and experimental details 
will not be described, as they may generally be readily 
fotmd elsewhere, and unless the descriptions are fairly 
complete they are of little value. Tho aim wiU be to 
give a reasonably systematic account of tho subject 
within the limits imposed, assuming as known those 
fundamental facts which aro to be found in tho usual 
text-books. 

If a historical order of treatment were followed, 
ferromagnetism would be considorod first. The earliest 
magnetio observations made were those on the attractive 
power of magnetite for iron. The magnetic properties 
of iron and the phenomena of terrestrial magnetism 
formed the main subjeot-matter of magnetism tiU the 
beginning of the nineteenth century. The relation 
between eleotricity and magnetism was then discovered, 
and tho field aspects of magnetism came into prominenoe. 
With Faraday’s discovery that aU substances were 
magnetio, though very feebly, in general, compared with 
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iron, the investigation of dia- and pai'amagnetism began. 
It proceeded -with increasing accuracy as improvements 
in technique were made. Theory advanced hand in 
hand with experiment. Conclusions as to the magnetic 
properties of atoms wore drawn, suggested by the 
macroscopic magnetic observations, interpreted in the 
light of electron-atomic theory. The quantum interpre- 
tation of the effeot of a magnetic field in modifying the 
radiation emitted by atoms has made these conclusions 
more precise. It is only in the last few years that 
attempts have been made to measure dneotly, by 
the magnetic deviation of atomic rays, the magnetic 
moments of individual atoms. 

Aa often happens, the phenomena which are the 
easiest to observe are the most difficult to interpret. 
An iron magnet is much more complex than an atom, 
and it is in terms of the behaviour of atoms that that 
of magnets must be explained. In the sequence adopted 
in this book the main lines of the historical order will 
be reversed. The magnetic properties of atoms will 
first be coMidered (Chapter I), and then diamagnetism 
(Chapter II), this being a general property of all matter. 
Paramagnetism (Chapter 111) is a more special property, 
and, in connection with it, it becomes necessary to 
consider the interaction between atoms. This inter- 
action pla 3 /s a still more important r61o in ferromagnetics 
(Chapter TV). The elements themselves, excluding the 
ferromagnetics, can be fonnoUy divided into para- 
magnetics and diamagnotics, but generally they behave 
uhUko typical members of those classes, and are most 
conveniently discussed separately. The recent work on 
the effect of strong magnetic fields on the electrical 
conductivity of the elements will also be briefly des- 
cribed, as it is not only full of interest in itself, but also 
has an important bearing on a number of the problems 
discussed in the book (Chapter V). 

In dealing with a subject like magnetism it is not 
necessary to consider the foundations of atomic theory. 
There are, of course, many aspects of magnetism, par- 
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ticularly on the toohnologioiil Hide, wliioh have an 
interest and iraportauoo qiiito indopondont ol atomic 
theories, or indeed of any theories at all. In attempting 
to corrdate a mass of magnetic facts, ho^rever, it is 
necessary to go deeper, but not so far os to involve the 
consideration of another range of physios altogether. 
The starting-point is a conception ol the atom indicated 
by experimentally inspired theory ; this conception 
being, so to speak, a symbolical summary which covers 
a large range of facts, especially spectroscopic. The 
q^uestion at issue is then whether this conception is 
adequate to account for magnetio phenomena. It will 
be seen that to a large extent it is. Magnetism, however, 
may also react on atomic theory, particularly in con- 
nection with interaction problems, and in this way 
specific magnetio investigations make their special con- 
tribution to the general outlook of physios. 



CHAPTER 1 

MAGNETIC, PROPERTIES OF ATOMS 


Olt) and New Quantum MaoHANioa 

I N the eaxlier quantum theory of atomic atruoture, 
the extra-nuclear electrons of an atom were regarded 
as concentrated charges moving in orbits about the 
nucleus as centre of force. If this conception is to be 
retained, the stability of atoms indicates that the elec- 
trons, though accelerated, cannot radiate energy con- 
tinuously as the classical theory would predict. Non- 
radiating ‘ stationary ’ states must be possible, and Bohr 
extended the original quantum theory to the fixation 
of these stationary states. For periodic systems the 
fundamental postulate may be expressed by the equation 

j" pdg = Tift (1) 

The integral is taken over a complete period ; p and q 
are conjugated momentum and position co-ordinates, ti 
is an integer, and ft is Planck’s constant. (For an elec- 
tron describing a circular orbit, this is equivalent to 
stating that the angular momentum must be an integral 
multiple of ft/2jr.) With this postulate, certain of the 
orbits olassice^y possible could be selected as ‘ allowed 
and the associated energies calculated. Emission of 
energy occurs as monochromatic radiation aa a result 
of a transition between two stationary states, and the 
second fundamental postulate relates the frequency of 
the radiation with the energy change. 

hv — El — Eg (^) 

On the basis of the two postulates the general char- 
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actor of atomic and also molecular spectra could be 
accounted for ; and in those eases whore the mathe- 
matical diffioultioa of a mnuy-body problem were not 
too groat, or could bo evaded (as for spectra of H and 
He'", and X-ray spectra) the calculated froquonoios of 
the lines were in remarkable agreement with experiment. 

Although a number of special difficulties wore en- 
countered, the success of the theory for a time seemed 
to justify the general underlying conoeption of atomic 
structure, which was gradually rendered more precise. 
It was, however, realized that the scheme as a whole 
was not seU-consistent. In brief, the atom was built 
up of classical electrons which behaved unclassioally. 

A fresh approach to the general quantum problem 
was necessary, and this was provided by Heisenberg 
and SchrOdinger, though in quite different ways ; the 
results, however, are equivalent, and both matrix and 
wave meohanioB are to be regarded as special aspects 
of a new quantum mechanics. This not only gives the 
results of the older theory, where that was correct, and 
clears away many of the special difficulties, but it also 
forms a self-oonsistent scheme. In particular, the newer 
outlook gives a more self-consistent symbolical soheme 
for the atom, although the conception of the atom 
seems to lose much of its former vividness, as precise 
interpretations of the symbols can only bo given when 
they correspond to essentially observable quantities. 
The orbital picture of the atom at once loses its definite- 
ness, for if the electron is regarded as a point charge, 
it cannot be said to have simultaneously a precisely 
determinable position and velocity. According to the 
interpretation adopted — ^whioh matters little — tho hydro- 
gen atom is regarded as a nucleus (or centre of force) 
suiroimded either by a distribution of space charge, or 
by a field of probability, the probability of the eloctronio 
charge being within a definite region. The oharaoter- 
istics of the probability fields or space charge distri- 
butions for atoms generally are defined by the quantum 
numbers, so there is a close similarity between much 
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of the formal troatmont of the older and newer theories, 
although the interpretations are different. It is, there- 
fore, frequently oonvoment to speak, for example, of 
the quantum number assooiated with the ‘ orbital ’ 
angular momentum, though the term orbital should not 
be understood too UtoraUy. Bearing this in mind, a 
formal desoription will he given of the quantum charac- 
teristics of the atom, with particular reference to the 
deduction from them of the observable magnetic 
properties. 


ELnoTBONia AUD ATosno Quantum Notebebs * 


Each electron in an atom may be characterized by 
a total quantum number n, and a subsidiary quantum 
number 1. The total quantum number is integral, and 
can have values 1, 2, 3. . . . For a given n, I may 
have values 0, 1 ... (n — 1) ; Ms equal to jfc — 1 
where h is the azimuthal quantum number of the older 
theory. The value i = 0 corresponds, on the space 
charge interpretation, to a static spherically symmetrical 
charge distribution, with no associated angular momen- 
tum ; while the values f = 1, 2, 3 . . . correspond to 
‘ stationary ’ axially symmetrical ‘ streaming ’ distribu- 
tions, with associated angular momenta lh/%m. Bather 
loosely, 2 may be regarded as giving the ‘ orbital ’ 
angular momentum in Bohr units. To each electron 
must also bo assigned a spin quantum number a, where 
a = A consideration of the multiplet structure of 
special hues, and the upbuilding of atoms by addition 
cn electrons, showed, before the advent of the new 
mechanics, that it was necessary to attribute to the 
deotron some kind of ‘duplexity’. The difficulties 
ware largely met by the hypothesis of Goudsmit and 
’Dhlenbeck that the electron had an intrmsio spin 


moment equal to ^ ^ in Bohr units), and an associ- 
A7t 


* For further details, see A. Sommerfeld, iF^ee Leettirea on 
Atomie PJ^aios (Melbuea, 192d) ; F. Huod, Lirmnapekiren und 
periodtMclm Syatem (Springer, Berlin, 1927). 
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f h 

atod magnetic moment of g- (1 in Bohr units). 

Dirac • has shown that these characteristics follow as 
natural oonsoquencos from the appropriate relativistic 
generalization of the quantum meohanioal equations for 
the electron. 

In an atom the constituent electrons add together 
their efiects, so that the state of an atom as a whole 
is to be regarded as a resultant. An important prin- 
ciple in connexion with an atom building, which may 
be noted here, is that of Pauli, which states that in an 
atom no two electrons may have an identical set of 
quantum numbers. In the non-degenerate case, where 
a definite axis is defined by an external field, the four 
independent quantum numbers may be taken as n, 2, 
m„ and m„ where m, and m, are the resolved values 
of 2 and a along the axis. 

In considering the atom as a whole, it is convenient 
to differentiate the quantum numbers of the individual 
electrons by a suffix i. The atom has a resultant 
‘ orbital * moment 2, and spin moment, a ; each of these 
being vector sums {£,) of the orbital and spin moments 
of the individual electrons. 

2 = ^y2, a — 2^8^ ~ ^ i • • • (3) 

2 is essentially integral, and a integral or half-integral, 
(As an example, if there are two electrons with 2, — 1 
and 2, 2 can assume the values 3, 2, 1, and a the values 
1 , 0 .) 

The total angular momentum of an atom, indicated 
by the quantum number j, is a resultant of tire spin 
and orbital moments. 

7 = 1 2 + a 1 veot (4) 

Thus for 2 = 2, 5 = 1, j can take the values 3, 2, 1, 
In general j takes values ranging from 2 + a to j 2 — s | 
at intervals of 1. The maximum number of ; values 

• P, A. M. DireMS, Proo. Boy. Soo., 117, 610 (1928). 



MAGNETIC PROPERTIES OE ATOMS 9 

asBocialed with one I value is thus equal to {2s + l)i 
and this gives the multiplicity r of the I state 

»• = 2s + 1 (6) 

This scheme accounts for the various types of spectro- 
scopic terms. Once it was realized that a groat simpM- 
cation was introduced by regarding the frequency of a 
line as proportional to the difference of two ‘ terms 
a classiffoation of terms could be made on the basis of 
the spectroscopic results independently of any theory. 
The theory outlined enables the classification to be 
made consistently, and gives it significance. 

Spboteosoopio Staths, akd Maoubtio Moments op 
Atoms 

When the atomic line spectra are analysed in the light 
of Bohr’s second postulate (the frequency condition), a 
system of energy levels for the atom can be deduced. 
Transitions do not occur between all the levels, and it 
is the limitation on the transition possibilities — sum- 
marized in selection rules, which now have a firm 
theoretical foundation — ^that enables the levels to be 
classified. In the simpler oases, where the spectro- 
scopic properties are primarily due to a single series 
electron — as in hydrogen and the alkali metals — ^the 
term or level oharaoteristios are to be interpreted as 
oharacterlstios of the single electron. The terms are 
classified as S, P, D, E . . . terms, and taking these 
to correspond to /c = 1, 2, 3, 4 . . . or Z = 0, 1, 2, 3 
. . , transitions occur only between terms for which 
k (or 1) differs by 1. Except for the S level, each level 
is double (that is, there are two possible states for the 
atom differing slightly in energy), ond the sub-levels are 
distinguished by a suffix giving the quantum number j. 
In transitions, j may change by 0 or 1. The term 
characteristios are completdy accoimted for by the 
scheme outlined above. Terms occur for which 1 = 0, 
1, 2, 3 . . . (S, P, D, E . . . terms), and for each of 
these, since a = |, there are (except when 1 = 0) two 
possible values for j, namely Z + and Z — 
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In general, the soloclion niles ai’o aomowhat moro 
complicated. Eor atoms in winch tlio states dopoivd on 
a munber of electrons, it is still most eonveniont to 
classify the terms primarily according to the resultant I 
for the whole atom ; and the terms are called S, P, 
D . . . terms according as i = 0, 1, 2. . . . Possible 
j values range from — a; the maximum term 

multiplicity being 2a -|- 1 (= r). The general term may 
therefore be written ’L^. To take a particular example, 
the symbol speoldes for the atom in that state 
the * orbital ’ moment (Z = 2) the spin moment (a = 3/2, 
Buioo 2a + 1 = 4) and the total moment {j — 6/2) all 
expressed in Bo^ units. A considerable amount of 
information is thus oonveniently given by the spectro- 
scopic symbol specifying the state of the atom, inform- 
ation which is of importance in connexion with the 
magnetic properties. It is for this reason that the rather 
formal, and to those unfamiliar with it, possibly forbid- 
(Bng subject of spectroscopic nomenclature is discussed 
here. 

The Zeeman efCoot provides the link between spectro- 
scopic and magnetic properties. As is well known, 
spectral lines in general separate into components when 
emission takes place in a magnetic field, the separation 
in the normal effect being proportional to the field 
strength. This separation can be traced back to a 
separation of the components of a single Zj level which 
in the absence of a field have the some energy. The 
different components of a j level may bo specified by 
a magnetic quantum number m, which cair take values 
j, j — j ~ 2 — i \ m may be regarded as the 

resolved value of j in the Erection of the field. Classic- 
ally, according to Larmor’s theorem, the effect of a 
magnetic field on the motion of an electron is equiva- 
lent to a precession, the frequency change being 


Av = 


eH 


(C) 


where e, are the charge and mass of the electron. 
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On the orbital model theory it may readily bo shown 
that the energy change is given by 
AE — mfiAv^ 

where m is the magnetic quantum numbei-, and Av„ 
the ‘ normal ’ Larmor frequency change. The ratio of 
the magnetic to the mechanical moment for the intrinsic 
spin, however, is double that for the orbital moment ; 
when this is taken into account, and the calculation is 
made with the new mechanics, the result is 

AE = mghAv„ (7) 

or, for the frequency displacement of a term 

Av = mgAv^ (7a) 

Here g is the ‘ splitting factor ’ giving the ratio of the 
magnetic to the mechanical moment for the atom ; the 
formula for g was first given by Land6, on semi-empirical 
grounds, and was later deduced theoretically. 

1 '-^+ m+T) • 

With these formulae, and the selection rule that m may 
change by 0 or 1, the observations on the normal 
Zeeman ofieot are completely covered. 

If ^ is the resolved moment of the atom, the expres- 
sion for the energy change may be written 

^E = ;tH 

Comparing this with (6) and (7) 




The values of wy thus give the possible resolved magnetic 


moments of the atom expressed in Bohr units, 

4jmoO 

being the magnetic moment due to the motion of an 
electron in an orbit with angular momentum h/ln. 

In connexion with the ordinary magnetic properties 
of materials, it is the oharaoteristios of atoms in their 
normal, unexcited states which are of importance. The 
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normal state is that of lowest energy corroRpouding to 
the spcotroscopio ‘ ground term The ordinary lino 
absorption spectrum is due to ti-ansitions from the ground 
level, while tho ionisation potential is equivalent to the 
difference between the energy of tho atom in tho ground 
state and tho state in which an electron is just removed 
from the atom. The ground term may be deduced from 
an analysis of the spectra ; and it is also possible to 
predict the ground term when the number and oharacter 
of the electrons in the atom arc known. Small letters 
are used to specify the orbital character of the electrons ; 
«» d, / . . , electrons are electrons for which ? = 0, 

1, 2, 3 . . . Pauli’s exclusion principle limits the 
number of electrons in a group with t^he same total 
quantum number. The totd possible number in a group 
'^th the same n and I is equal to 2(2Z + 1), giving 

2, 6, 10, 14 for groups of a, p, d, f electrons. (Thus 

for Z = 1 there are six distinct combinations of the 
orbital and spin magnetic quantum numbers, m, = 1, 
0,-1 and m, = — J). The periodic properties of 

atoms are to be traced back to the way in which the 
electrons are airanged in these quantum groups. For a 
completed or closed group the resultant mechanical and 
magnetic moment is zero. When an atom has a mag- 
netic moment, the presence of an incomplete electi'on 
group is indicated. 

The Magnbtio Deviation oe Atomic Rays 
A direct test of the speotroscopic conclusions as to 
the possible resolved magnetic moments of atoms may 
be made by experiments on the magnetic deviation of 
atomic rays. 'V^en such experiments were begun by 
Gerlach and Stern in 1921, the theory was not in such 
an advanced state. The conclusion to be dravm from 
the space-quantization theory of Somroetf eld and Debye, 
when expressed in the form that an atom with a mag- 
netic moment could only orientate itself with its axis 
in certain definite directions with respect to a magnetic 
field, certainly appeared very surprising. The ‘dis- 
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Crete orientation if it oonld be directly confirmed, 
would be one of the most sticking manileBtations of 
quantum diBOontinuity. The fact that the experimental 
results wore in agreement with the predictions gave a 
further indication of the need for an outlook, such as 
that now embodied in the now quantum mechanics, 
in which there is a complete breaking away from crude 
bar-magnet oonoeptions of the atom. 

The principle of the experiments is very simple.* 
The element under investigation is heated in an oven 
(see Fig. 1) and the issuing stream of atoms, delimited 
by slits, passes through a non-homogeneous magnetic 
field (obtained by wedgo-slit pole pieces, shown in cross- 
section at E) and is roceiv^ on a plate. The whole 
apparatus is in an enclosure in which a high vacuum 
can be maintained. 



Fig, 1, — ^Diagram of Qerlooh ond Stern Apparatus 

0, Ovm, Su S|, Silts. Msguob Foie riooo. A, Bocolvlag riate, K, 
Elevatloa ol Magnot I'olo I’locra, 

In the absence of a field there is a single line trace. 
When a field is applied the atoms will be deflected, 
the deflection being proportional to the resolved magnetic 
moment in the field direction. From the trace obtained, 
the resolved magnetic moments of tho atoms can bo 
determined. 

The essential parts of tho apparatus are quite small. 
In some experiments, the magnet pole piece was about 

* A general account of the metiiod and of the results obtained 
up to 1826 IS ^ven in. Magnetism and Atomic Structure, Chapter 
IX, For details, see W, Oerlaoh and O. Stem, Ann. der Phys., 
74, 673 (1624) ; 76, 163 (1925), and the later series of papers in 
the Zeiia, fUr Phys. contribute from the Hamburg mstitute 
for Physical Chei^Btiy by O. Stem, F. Knauei, A. Leu, H. 
Wrede fmd J. B. Taylor, 


/ i\ 
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6 cm. long, tho rocoiving pinto 3 mm. squaro, and tho 
ovon 2 ora. long. As tho dofleotions obtained aro small, 
tho parts must be very acouratoly aligned. For good 
results, an elaborate toohniquo is nocossary in which a 
large number of details have to bo considered. 

In the early experiments with silver the atoms were 
received on glass plates ; in some cases, the traces were 
invisible until the layer of atoms was thickened by 
‘ developing ’ the plate in a hydroquinone silver nitrate 
solution. Bioceiving surfaces of various lands were used 
for different atoms. 

The velocity of the atoms depends on the oven 
temperature. For atoms in equilibrium 

~ PT 

Some previous experiments of Stern showed that the 
mean velocity of atoms issuing through shts was some- 
what greater than this ; and as a good approximation, 
the moan value of v was taken as 


V = V3-6fcT/m .... (10) 
Let fi be the resolved magnetic moment of the atom, 
I the length of the wedge pole piece, and s the delloction. 
(The plate is placed immediately behind tho magnet 
pole piece.) Since the force on tho atom is equal to 

KS) 

-i£(S)(4)’ 

( R \ 

using (10), 


M-i 


, 1 /dH\ 
’■s'VdsyS-SRT 


(12) 


(This expression has to be corrected for the variation 
of the inhomogeneity of the field along the path of 
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a deflooled team.) The inhomogeneity is found by 
mcasuiang H (from the change in resistance of a bismuth 
dH 

wire) and (from tho force on a bismuth wire of 

known susceptibility) ; the values being found for 
various distances from the edge of the wedge. (Typical 

dH 

values were H = 17,600 gauss, = 236,000 gauss emr^ 

at •16 mm. from the wedge.) The oven temperature T 
was measured thermoelectrioally or optically. 

On the classical theory atoms of moment would 
be expected to give a broadened trace — since can 
have any direction relative to the field — extending from 
+ So to — So obtained by putting fi = /j,o in (11). 
Taking into account the Maxwellian distribrition, the 
trace would bo most dense in the centre. On the 
quantum theory, in the simplest case (^ = mg = ± 1), 
when tho field is applied the trace would be expected 
to split up into two. This was exactly what was found 
for silver. 

An absolute measurement was made of the resolved 
magnetic moment of the silver atom. The result for 
the gram atomic moment was M = 5,690. This differs 
by only 2 per cent. — ^well within tho experimental error 
— ^from the theoretical value (6,693) for the Bohr unit 
magnetic moment per gram atom. Por other elements 
the apparatus could then be ‘ oalibratod ’ by making 
an experiment with silver. 

The results for the different elements investigated 
will now be described, the /i values found being com- 
pared with the theoretical mg values. 

In the first column of the periodic table the following ' 
elements have been investigated : H, Li, Na, K ; Ou, 
Ag, Au. AU gave double traces, the separations cor- 
responding to resolved moments for the atoms of 
/{ 5=5 -}- 1, — 1 (in Bohr units). This agrees with the 
mg v^ues for lie ground terms. 

Hydrogen was investigated independently by Phipps 
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and Taylor, and by Wredo. Hydrogen, atoms may be 
produced in a long diachargo tube (a Wood tube) under 
appropriate oonditions, or by dissociating the molecules 
by means of a hot filament. A stream containing a 
fairly high proportion of atomic hydrogen is passed 
through slits in glass, and received on a plate coated 
TOth molybdenum trioxido. The atoms reduce the 
oxide, and so produce a visible trace. 

The atoms of the second column have two a electrons, 
which in the normal ^Sj state, constitute a completed 
group. For Zn, Cd and Hg no deflected traces are 
found. In the fourth column elements, the two p 
electrons do not form a completed group, but the total 
moment vanishes in the normal state. This is 
confirmed by the results for Sn and Pb. 

Thallium (atomic number 81), in the third column, 
is analogous to aluminium in having one p electron in 
addition to completed groups. This gives a *Pi/j 
ground term, the mg values (from 8) being + 

The earlier experiments gave a small separation in 
qualitative agreement with this ; later experimonts, by 
Leu, have provided quantitative confirmation. 

In the fifth column Sb and Bi have been investigated. 
With Sb only an undefleoted trace was obtained, owing 
to the beam consisting almost entirely of molecules. 
With Bi it was at first thought there was some asym- 
metry in the repelled and attracted beams ; in Leu’s 
experiments, however, a symmetrical splitting was 
obtained. The spectrum has not yet boon completely 
analysed. A *Sa/, ground term is probable, which would 
give mg values of i and The coupling rela- 

tions are complicated, and theoretically it is only 
possible to say that g should He between 2 and 4/3. 
Leu obtained only two resolved traces, but he shows 
that the distribution of density is consistent with the 
presence of atoms with resolved moments in the ratio 
of 1:3, whose traces merge into each other. The 
measurements then indicate a g value of about 1‘46. 

* S. Phipps and J. B. Taylor, Ph^a. Sea,, 20, 3Q0 (1027). 
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Niokcl gavo three clearly defined maxima oorroapond- 
ing to (« = 0 and ± /«i> with fix somewhat greater than 
1, and indications of atoms of higher moment. This 
is consistent with the spectroscopic ground term for 
nickel, “Pj, for which g = 6/4, giving as the mg values 
± 6/4 (0, 1, 2. 3, 4)j 

With iron, only an undeflected trace was obtained. 
Prom the odd multiplicity of the iron spectrum, an 
undeflected trace would be expected, but other traces 
would be expected as weU. A ®D 4 ground term gives 
??igr = ± 3/2 (0, 1, 2, 3, 4). Difficulties were encountered 
owing to the rapid oxidation of the traces, so that the 
experiments were inconclusive, and should not be taken 
as indicating a breakdown m the spectroscopic theory. 

Excluding Bi, Ni and Pe, the magnetic deviation 
experiments, independently of and in agreement with 
spectroscopic theory, give the following values for the 
resolved magnetic momenta of atoms m their normal 
state — 

Ou, Ag, Au ; H, Li, Na, K . . (it = ± 1 

Zn, Cd, Hg ,' Sn, Pb . . . (it — 0 

T1 At = ± i 

There are a considerable number of interesting points 
relevant to these experiments which might be discussed, 
but it is only possible to mention one or two of them. 
The fact that hydrogen has a moment of one Bohr unit 
was accounted for in a most straightforward manner 
on the orbital theory by attributing this moment to the 
motion of the electron with angular momentmn It/im 
in the inneimost orbit (the Bohr 1, 1 orbit). The 
effective oolUsion area of such an atom at right angles 
to the direction in which a magnetic field could be 
applied would diflEer according as to whether the field 
was present or not ; for, when a field was applied, the 
orbit, instead of being orientated at random, would 
orientate itself at right angles to the field. This was 
tested by Praser,*** in a most ingenious experiment, in 
♦B, G. J. Fraser, Proc. Bog. 3oo., 114, 212 (1927). 
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which ho clotormiiiod whotlicr thoro was a cliaiigo in 
the rolativo nurahcrs ol nonk'al aioms and protons wliioh 
passed tlirough a ‘ resting * gas when a magnetic field 
was applied. To witlim 1 or 2 per cent, thoro was no 
change. TJiis indioates that as far as tho electric charge 
is conooruod, the hydi-ogon atom is spliorically sym- 
metrical. This is in agi'eoment with tho quantum 
mechanical conception of the atom and the attribution 
of tho magnetic moment) for normal hydrogen, to the 
intrinsic spin of the electron. 

Wii^ the older outlook, the problem presenting itself 
as to the time required for orientation could receive no 
really satisfactory treatment ; a new light is shed on 
it by Heisenberg’s principle of indeterminateness.* The 
determination of a resolved magnetic moment is equiva- 
lent to a determination of energy (since E = fiE.). The 
accuracy with which this can be done in the magnetic 
deviation experiments depends on the widths of the 
traces ; and these depend on the width of the slits 
and on tho wave length associated with the atoms 
(A = h/mo). There is thus a probable error in the 
energy determination. There is also a probable error, 
depending on the length of the magnetic field and the 
velocity of tho atoms, in fixmg the time t to which 
this determination applies. It may be shown that tlio 
product of the ranges of indetorminatoness of E and t 
is of the order h. This experimental impossibility of 
flHHig niTi g exact simultaneous values to E and t is 
analogous to the impossibility of assigning exact simul- 
taneous values to p and q (momentum and position) for 
a quantum system. E and t are conjugated variables, 
hke p and q, and the matrix formulation of the relation 
between such variables (Bohr’s first postulate appears 
in the form pq — qp — h/^) may be regarded as the 
exact symboHcal representation of essential experimental 
uncertainty. Although the principle of indeterminate- 
ness was not expHcitiy stated until the advent of the 
new quantum theory, it is, in itself, a direct conclusion 
* W. Heoseaberg, Zeitt. fwe PJvya., 43, 172 (1027). 
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from tlio oxporimonl al fads. In partienlar, it becomes 
as meaningless to speak of tho energy of a system at 
an instant, as of a froquenoy at an instant. The 
resolved magnetic moment of an atom has a precise 
meaning only with reference to tho conditions under 
which it is measured. It is not necessary to imagine 
that a sudden ‘ change of orientation * takes place as 
an atom enters a magnetic field ; theory and experi- 
ment determine a probability distribution of the atoms 
among difterent energy states, which varies as tho atoms 
pass through tho field. In cases of most practical im- 
portance, however, the atoms may be regarded as having 
resolved magnetic momenta with the definite values 
indicated by the spectroscopic theory and by the mag- 
netic deviation experiments. 

It should perhaps be mentioned here that there is 
now definite evidence that the atomic nucleus may have 
a spin moment assooiated with it. Back and Goud- 
smit * have investigated the hyporfine structure of the 
lines of Bi, and have shown that it can be interpreted 
as indicating that the nucleus has an angular momentum 
of Further experiments will enable the mag- 

netic moment to be estimated. The alternation of in- 
tensities in the lines of bands of the molecular hydrogen 
spectrum indicates that the hydrogen nucleus, the 
proton, has a spin moment \h/2n. Though the proton 
and electron have the same ‘ mechanical ’ moments, 
however, tho magnetic moments are probably inversely 
proportional to their masses ; so that no indioation of 
the magnetic moment of the proton would be obtained 
in the deviation experiments. If the Li nucleus has a 
magnetic moment, Taylor’s deviation results show that 
it cannot be as great as a third of a Bohr unit. The 
nuclear magnetic moment must in general be very small, 
and it seems fairly certain that it cannot, as has been 
suggested, play a primary role in determining the 
magnetic characteristics of materials. 

* B. Back and S. Qoudsmit, ZmU. fur Phya., 47, 174 (1928). 



CHAPTER II 
DIAMAGNETISM 
Thboby 

F erromagnetic substances, typified by iron, are 
distinguished by the high value of the magnetiz- 
ation which they may acquire, and by other special 
characteristics which will be considered later. Other 
substances may be divided into dia- and para-magnetics. 
For these the magnetization is in general proportional 
to the field, being in the same direction for paramag- 
netics and in the opposite for diamagnetics. Let I be 
the intenmty of magnetization acquired in a field H ; 
the volume susceptibility k, and the mass susceptibility 
are defined by 

''""h 

where q is the density. The magnetic moment is thus 
equal to kH per unit volume, or ;fH per unit mass. 
The differences in behaviour of dia- and para-magnetios 
in magnetic fields may be formally accounted for by 
attributing a negative susoepilbility to dlamagnetios and 
a positive to paramagnetics. 

Shortly after the discovery of the * universality ’ of 
magnetism by Faraday, a ‘ molecular current ’ theory 
of die- and para-magnetism was developed by Weber, 
Paramagnetism was attributed to intrinsic molecular 
currenta which gave the molecule a ‘ permanent ’ mag- 
netic moment, and diamagnetism to molecular currents 
induced by the field. The induction effect, giving rise 
to a magnetic moment in the opposite direction to the 
field, would occur whether the molecules had a per- 



DFAMAGNETISM 


21 


manent moment or not. Some fifty years later the 
electron theory, which now had a fii-m experimental 
basis, was applied by Langovin,* io dia- and para- 
magnetism in a classical paper on the subject (1906). 
An atom was regarded as containing electrons moving 
in orbits about a centre of force, these orbital electrons 
providing the molecular currents of Weber. As Lange- 
vin’s treatment does not depend on very specific assump- 
tions, his results may be readily modified in accordance 
with the later quantum theory of atomic structure. 

The magnetic moment associated with an electron 
moving in an orbit with angular momentum p is &p/2mc. 
(This is equal to eS/cT where S is the area of the orbit, 
and T the periodic time, corresponding to iS for the 
magnetic moment associated with a current circuit.) 
If the orbits do not balance magnetically, the atom will 
have a resultant magnetic moment, and this will give 
rise to paramagnetism ; if the resultant moment is zero, 
a purely diamagnetic effect will be produced. It is 
this case which will be first considered, though it must 
be remembered that there will be a diamagnetic effect 
whether the atom has a resultant moment or not ; when 
the atom has a moment, however, it will be seen later 
that it is of such magnitude that the paramagnetic 
effect is usually much greater than the diamagnetic. 

When a magnetic field is applied to a system consist- 
ing of electrons moving in equilibrium about a rela- 
tively massive positive centre of force (the nucleus), 
Larmor’s theorem shows that the effect is the same as 
that of imposing a precession about the direction of the 
field of angular velocity o, where 


0 = 


2mc 


. ( 2 ) 


(The equations of motion of the electrons in the precess- 
ing co-ordinate S3rstem without the magnetic field are 
the same, neglecting terms in H®, as in the resting 
co-ordinate system with the field ; provided that the 
• P. Langevm, Arm. de Ohm. et phys, (8), 6, 70 (190S). 
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elootric liold of loroo is Hytmneiricnl with rospoct to tho 
diroction of Lho luugnciiio flold.) Let //, bo the magnetio 
momont of ono orbital olocti“Oii, r tho radius of the 
orbit, <w tho angular volooiby, j-j, q>^ tho radius and 
angular volooity of tho ‘ resolved ’ orbit with piano at 
right angles to tlio dircotion of tho Bold ; except for a 
oiroular orbit, r and ti vary. 


— 

~ 2mc ~ 2c 


• ( 3 ) 


When the field is applied 

Afi. = + o) - twj = 2^ 


eH 


(4) 


( 6 ) 


4«ic® 

For an atom containing N eleotrons 

■ • 

If an atom has zero initial moment, the atomio 
susceptibility, is given fay 

• -je) 

For atoms which are spherically symmetrical = 
5^25^ It is usually convenient to deal with the gram 
atomio susceptibility, the product of tho mass 
susceptibility and the atomic weight. Let Z be the 
number of atoms per gram atom (Avogadi’o’s number) 

ai-zxA-j^xz — . (7) 

Substituting numerical values 

= - 2-85 X . (8) 


The theory which has been outlined applies primarily 
to ‘mono-nuclear’ systems, that is to atoms, or to 
ions in solids or solutions, in so far as these can be 
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regarded as indopondont. ifor such systwas, tlio dia- 
magnetic susceptibility, dopontling only on tho dimen- 
sions of the systems, and not on their interaction, should 
not vary with tho temperature. Using tho methods of 
wave mechanics, tho electronic system may bo treated 
as a continuous distribution of space charge, and the 
same general results will hold. Por systems with more 
than one centre of force, molecules, loses its simple 
meaning. For atoms (8) gives % in terms of the aim 
of the deotronic orbits (or of the area of the region in 
which the density of the space charge is appreciable) ; 
for molecules it gives only an upper limit, wMch will be 
approached more closely, the closer the approach to 
spherical symmetry. 

In reviewing the experimental results on diamagnetic 
susceptibilities, they will be ordered according to the 
definiteness of the quasi-independent atomic and mole- 
cular systems constituting the substances examined ; for 
it is to these systems that the theory directly applies. 
The results wiU then be oonsidered in relation to the 
theories of atomic and molecular structure. Tho theory 
cannot be directly applied in a satisfactory manner to 
the solid elements, and the consideration of these is 
deferred to a later chapter. 

EXPBBlMEirTAL EbSTJLTS — S iMPLB l0N3 AND AtOMS 

For a definite polar salt, such as NaCl, which exists 
both in solution and in the solid state in tho form of 
ions, the susceptibility may be regarded as tho sum of 
the susceptibilities of the separate ions. The suscepti- 
bility is often most conveniently found from measme- 
ments on solutions, by correcting for the susceptibility 
of water. Let x) and Xw the susceptibilities of tho 
solution, of the salt and of water [xw = — '72 X 10'®), 
and O, the concentration of tho salt. Then, generally 

X = C,x. + (1 - C.)xw .... (9) 
This relation does not invariably hold exactly, for the 



24. MAGNETISM 

slate of the salt may vaiy with coiioontratiou, owing 
to interaction with the solvent. I’or the halides which 
have boon examined, however, the rolation holds over 
wide ranges of concentration. If an ostimalo can he 
made ot the relative contributions of the anion and the 
cation to the susceptibility of one particular salt, a 
series of ionic suscoptibilitios may readily bo found, by 
comparing different salts with the same anion or cation. 
A comprehensive investigation of the halides of the alkali 
and alkali earth metals has been made by Ikonmeyer,* 
from which values of ionic susceptibilities were deduced in 
this way. His results, as fo rming a series obtained 
under similair conditions, will be considered. 

For the gram molecular susceptibility (p^n) of Csl 
Ikenmeyer found the value — 95 X 10'®. 

Csl Zm = - 06 X 10-® 

Now Cs+ and I~ both have 64 electrons, which have 
an inert gas-like configuration, that of Xenon. The 
ions differ in the nuclear charge, 66 for C8+, and 63 
for I~. Now for electrons in similar quantum states, 
the orbital radii vary inversely as the effective nuclear 
charge. Following an approximation previously used 
by Joos, it was assumed that the moan square radii, 
and hence the ionic susceptibilities (using (8)) were 
inversely proportional to the nuclear charts. This 
leads to the following values for the gram ionic suscep- 
tibilities. 

Cs+ Xa = ~ ^6-76 X 10-® 

I- Za = - 49-25 X 10-® 

(The symbol za "will be used both for gram atomic and 
gram ionic susceptibility.) 

With these values as standards, values for the other 
ions were then deduced from the directly determined 
susceptibilities of the salts in solution. Those are given 
in the fonow;ing table, in which N is the number of 
^eotrons in. the ion, Z the nuclear oharge, 

•E. Ikemmyer, Arm- day Phs/s,, 1, 169 (1929). 
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Tadus I> 

Qram Xonio Busooptibilitios. — X 10“ (Ilceiimeyer), 



The values are plotted in Eig. 2. 



NumbfP of Electrons in Ion 


FiO- 2. — Qiam lonio SusoopUbiUties 
— X 10“ (Ikenmoyor) 

(l)B'"— 1~. (2)Na^ — Cs^ (3) Mg'’+ — Ba++ 

A ciitioal discussion of experimental data would be 
out of place, but it should perhaps be noted that the 
ionic BUBoeptibilitieB given by Ikenmeyea: differ con- 
siderably in some oases from those given previously 
by Joos, but these had been deduced from much earlier 
measurements. Ikenmeyer’s values are probably more 
3 
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reliable, but the figui-oa in Table T sbould rot bo con- 
siclored os giving ionic constants ndtli ‘ speotrosoopic ’ 
aocuraoy. The results show, in the voiiation of suscep- 
tibility with deotron number and ionic charge, that 
striking rogularitios appear when simple eleoferanio 
systems are investigated. The values in Table I may 
be represented by the equation 

- X 10<> = CiN + ca . . . (10) 

where Cj (giving the slope of the curves in Kg. 2) is 
the same for the different series of ions, and Cj varies. 


Cl = ‘SO. Halogen ions Cg == 5-9. 

Alkali ions c, = 24. Alkali earth ions Cg = — 3-5. 
(Extrapolation is not justifiable, as it would make the 
Be"*"*" ion paramagnetic. Eor Iii++, Ikenmeyer gives 
~ 4-0 X 10*®, but this is very uncertain.) The 
equation shows that the mean square radius is ap- 
proximately constant ; neglecting the constants Cg, the 
value obtained from (8) is 


-:5 -80 X 10-« 

^ ~ 2-86 X 1010 


= (-53 X 10-8)® 


This is of a reasonable order of magnitude, the radius 
of the innermost hydrogen orbit, on the Bohr theory, 
being *632 X 10"® cm. 

Until a few years ago there was great uncertainty as 
to the values of the ionio susceptibilities of the inert 
gases. Eor helium, n = — 46 x lO"* had been found, 
and for argon the value — 246 X 10"* had been deduced 
indirectly. It was pointed out by Joos (1923) that 
these values were completely incompatible with the 
general theory of atomic structure, and that the suscep- 
tibility of an inert gas atom should lie between that 
of the neighbouring positively and negatively charged 
ions with tire same number of electrons. In the XoUow- 
iug table are given the data as to the ionic suscepti- 
bifities ; the firat number in each case being that given 
by Ikenmeyer, the second that deduced by Joos from 
measuremmits of KOnigsberger and others. 
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Busoeptlbihties of Ions wilk tho samo nvnnbor of Kleclions as 
Inort Gas Atoms — ](a, x 10". 


z 

N 

N + 1 

N- 1 

He 2 

O CO 

A 

3 


He 10 

Na 

6-8 

^ 10-8 

A 18 

^ 16-5 

p, 20-4 
“ 19-6 


For the same electronio configuration, there should be 
a decrease in size, and hence in susceptibility, Mdth 
increase in nuclear charge. Thus the susceptibility of 
A should be greater than that of and less than that 
of 01". Though the variations in the experimental 
values for the ionic susceptibilities do not enable any 
exact estimates to be made for the inort gases, the 
order of magnitude to bo expected is cloar, and it 
differs widely from values which had previously been 
given. 

A detei'mination of tho inert gas susceptibilities — an 
experiment involving skilled technique — was therefore 
carried out by Wills and Hector, using an ingenious 
manometrio arrangement in which the gas could be 
balanced magnetically against a weakly diamagnetic 
solution, A gas pressure of several atmospheres could 
be used so that the volume susceptibility to bo measured 
was increased. Special precautions were taken to ensure 
purity of the materials. The following results were 
obtained ; 
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TABIiCI III. 

Inert Gas Suai'oplibilitioa. — a X 10“ (Wills and Houtor), 

2 no . . . . 1 88 

10 No . . . . 0 60 

18 A . . . . 18-13 

Those values aro in roaaonable agreement with those to 
be expected from the ionio susceptibilities, and show 
that tho inert gases do not behave anomalously ; they 
suggest that Ikenmeyer’s values for Li+ and Na*" are 
too high. 

Discussion . — On the orbital theory, the mean value 
of r* for an n, k orbit about an effective nuclear charge 
Z is given by 

where ao(= -532 x 10'®) is the radius of the innermost 
(1, 1) orbit in hydrogen. This gives for the contribu- 
tion of the orbit to the gram atomic diamagnetic 
susceptibility 

X = ~ 2-86 X 

= - -81 X . (11) 

Atoms and ions will only be diamagnetic if the resultant 
spin and orbital momentum of the electrons is zero ; 
or in general, if they are in a ^So state, as are tho ions 
and atoms for which results have been given above. 
If the effective nuclear charge is calculated from this 
expression for helium, with two electrons, from the 
observed susceptibility (— 1-88 X 10’“) it comes out as 
>93, which is, of course, much too small. Otherwise 
expressed, using a reasonable value for the effective 
nuclear charge, which may be estimated from the 
ionisation potential (about 1-7 for Z) the calculated 
susceptibility is much smaller than that observed. Eor 
mme complicated atoms only very rough estimates of 
can be made from spectroscopic data; and all 
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that can bo said is that there is agroemont as to order 
of magnitudo between the ostiinatod and observed 
susceptibilities. 

The expression corresponding to (11) with the new 
quantum mechanics has been calculated by Van Vleok * 
and Pauling, t with the result, for the gram atomic 
susceptibility 

Zx = - -81 X (12) 

In this expression I, the orbital quantum number, is 
equal to fc — 1. The summation is taken over all the 
electrons in the atom, the appropriate eflootive Z being 
used for each. Por the (al, IQ) hydrogen orbit this gives 
a result three times as great as the old expression. 
The effective nuclear charge of Ho from the suscepti- 
bility comes out as 1-607, which is qriite satisfactory. 

Adopting the charge distribution conception of the 
atom, Pauling has evaluated the screening constant, 
and hence the effective nuclear charge, for the different 
groups of electrons in atoms, and using (12) has calcu- 
lated the diamagnetic susceptibilities for inert gas lilm 
configurations. The caloulatod values agree fairly well 
with those observed, except for ions containing a largo 
number of electrons for which the calculated values 
ore much too large. 

Pauling’s calculations necessarily involve a number of 
rough approximations. For spherically symmetrical 
atoms Hartree f has devised a ‘ self-consistent field ’ 
method with which the charge distribution satisfying 
the Schz'bdinger equation may bo worked out much 
more precisely. For a number of ions and atoms he 
has given tables and curves showing the charge per unit 
' radial distance (that is, in a spherical shell of unit 
thickness) as a function of the distance from the nucleus. 

* J. H. Van. Vleck, Proa, Nat. Acad. SH., 12, 662 (1626) 3 
Phya. Sffo., 31, 687 (1928). 

! L. Pauling, Proo. Roy. Soo., 114, 181 (1027). 

D. B. Hoj^ee, Proe. Oamb. Phil. Soo., 24, 89 (1928). 
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It is possibles to calculate the diamagnetic Buacoptibility 
ooiTosponding to Haitroo’s elsargo distribsitions in a 
fairly simple maimer.'*' Lot (rZN/rfr) be the charge, in 
electron units, per unit radial distance. Tho total 

f oo 

{dSS/dT)dr, is then equal to tho number of 

0 

electrons in tho ion. Eor Lhe diamagnetic susceptibility 

r®® /fNT 

= - 2-86 X 1010 I r& . . (13) 

J 0 

This integral can most conveniently be evaluated 
grapHoally ; from the (r, iS/dr) curve, a curve gi-ring 
r^W/d/r against r is constructed ; the area of this gives 
the required integral. 

Curves for heUum are shown in Pig. 3. 



It is most convenient to ojqsress distances in atomic 
units (■532 X 10'® cm.). Using this unit for r the 
susceptibility is given by 

2-86 X 101° X (-632 X lO'®)® j r®^dr 
♦E. 0 . Stonor, Proc. ZeetJs PAiJ. Soc., 1 , 484 ( 1928 ), 
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— Xji, X 10® == -8008 X Aroa. . . . (13a) 
For holiuin this gives Xa — ~ J-*00 X 10"®, a value 
which agrees remarkably closely with that observed. 
In the following table are given some further observed 
and calculated values. 

Tadib IV. 


Caloulatod and Obaorvod SnsooptibilitieB. — xa. X 10®. 



Calculated. 



From Hartree 
Distribution. 

FauUng. 

Observed. 

He 

I -to 

1-64 

1-8S 

Na+ 

6 47 

4-2 

10-4, 6-8 (He 6-7) 

Rb^ 

30-12 

36 

31-3 

ca- 

40-39 

29 

20-4, 19-6 (A 18-1) 


For Na+ and 'Rb'*', as well as for He, the values cal- 
culated from the Hartree charge distribution are in 
good agreement with those observed. (The suscepti- 
bility of Ntt'*' should be slightly less than that of No, 
and the observed value for Ne is probably more accurate 
than those given for Na’* .) For Cl~ however, the cal- 
culated value is much too large. This may be due to 
relatively small errors in the charge distribution for r 
large. Hartree states that the values are uncertain for 
r^'632 X 10,'® difficulties arising owing to the nega- 
tive charge on tho ion. Multiplication by r®, in calcu- 
lating the susooptibility, greatly acoontuatos any errors 
in tffis region ; the results indicate that the space 
charge is probably overestimated for r greater than 
about 1-5 X 10"® cm. 

Analysis of the X-ray scattering curves also shows 
that the distribution requires some modification. The 
calculation, however, is made for a free ion, and it may 
bo that the different ‘ boundary conditions ’ for an 
ion in solution or in a crystal are sufficient to account 
for the modifications necessary. 
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Summarizing, it may bo said that the observed values 
of ionic diamagnetic susceptibilities are in good general 
agreement with atomic theory. By the Hortree solf- 
oonsistent field method, the approximate charge dis- 
tributions in spherically symmetrical atoms and ions 
can be worked out, and from them theoretical values 
obtained for the susoeptibibties. Accurate determina- 
tions of ionic susceptibilities will therefore provide an 
excellent test of the degree of accuracy of the calculated 
distributions, particularly for the outer parts of the 
ions, and so wall supplement the X-ray scattering 
methods. Further work may be expected to yield much 
more precise information on the important question as 
to the difference in the charge distribution in free ions 
and those in crystals. 

Moleottlbs 

The theory of diamagnetism which has been outlined 
applies strictly, os has been already stated, only to 
systems which are centro-S 3 Tnmetrical. For molecules 
whose resultant magnetic moment vanishes, however, 
equation (8) can stiU be used when the molecule ap- 
proaches spherical symmetry, to give an upper limit for 
the susceptibility. In general the susceptibility of a 
molecule may be regarded as a sum of the contributions 
of the electronic systems associated with each nucleus, 
or as a sum of the atomic susceptibilities modified 
according to the way in which the atoms are joined 
together in the molecule. The susceptibility thus gives 
a rough mdication of the ‘ size ’ of the molecule ; that 
is, of the region through which the density of the space 
eWge is appreciable. 

To ensure that values oharacteristio of free molecules 
axe obtained, it is necessary to make measurements on 
gases. The volume susceptibility of gases is propor- 
tional to the pressure, the molecular susceptibility being 
constant. Some experimental results, which were taken 
to indicate that at low pressures the volume susoepti- 
biiity was three times as great as that (deduced from a 
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linear relation, have now been shown to have been due 
to seeondary experimental ofloots. It has boon shown 
by Vaidyanathan * that generally, though not invariably, 
measurements of the susceptibility of a substance in 
the liquid and vapour state lead to approximately the 
same value for the molecular susceptibility. 

In the following table are given the susceptibihtios 
of a few of the simpler moleoules, the measurements 
on liquids being due to Pascal, those on gases to Son6, 
Wills and Hector, and Vaidyanathan. The number of 
electrons in the molecule is also given. 


Table V. 

Gram Moleoulor Susceptibilities. — xm X 10*. 


N 

Viom Gases. 

N 

From Liquids. 

2 

H, 

39 

n 

NH, 19 

14 


7-4 


C,N, 22-6 

22 

00, 

18-7 


Cn-Cl 33-6 

42 

O.Ha 

83 


SO, 10 





Cl, 41-6 




H 

C.H, 80 


The values for benzene possibly provide an example 
of the wide difEerence which may be found with the 
liquid and the gas ; but they have boon obtained by 
different observers, and until more precise and extensive 
data arc available, it would be premature to discuss the 
possible significance of such differences. In connexion 
with the more reliable values there are a number of 
points of interest. 

In the spin moments of the two electrons neutralize 
each other. The diamagnetic susceptibility should be 
somewhat less than that of two H atoms — since the 
effective nuclear charge is greater. On the old quantum 
theory, for the H atom — ;i;aX IO"® is equal to "SI, 

♦ V, I. Vaidyanathan, Phya. Jtev,, 30, 612 (1627). 
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on tho now to 243 (hoo likiiidtions 11 aiul 12), Tho 
obHCffvod vtiluo for Uio molooulo is thus incompatible 
with tho old oi'bitul niodol. In tho space ohnrgo picture 
of tho molooule, worked out by Hoitlor arid London, 
the concontiution of chargo near tho two mtoloi failB 
off into an approximately ollipaoidal distribution about 
both. Treating the molecule as a pseudo-atom, tho 
offeotivo nuclear chargo deduced from tho susceptibility 
is Idl, a reasonable value. 

If Table V is compared with Table III (for the inert 
gases) it will be seen that the suscoptibility of N, is 
only slightly greater than that of Ne, supporting the 
idea that the structure of Ng corresponds to a single 
‘ cube ’ or ‘ octet ’ of the T.ft,ngmnir picture ; or, that 
as far as the outer electrons (or outer parts of the eleo- 
tronio charge) are oonoemed, N, behaves as a pseudo- 
atom with a single centre of force. OI 2 , on the other 
hand, has a suscoptibility more than twice as great as 
A ; the space charge distribution approximates to that 
which would be produced by joining together two argon 
like distributions. A consideration of those and other 
molecules shows that it is quite useless to look for 
simple general relations between susceptibilities and 
numbers of electrons and numbers of atoms in the mole- 
cules ; but the diamagnetic susceptibility docs assume 
significance when its indication of the molecular size is 
interpreted with roferonoe to tho chemical choraoter- 
istios of the molooule. In some cases, of course, there 
are simple relations to be found ; for molecules con- 
stituting electronic isomers, for example, Bhatnagar and 
others have shown that the diamagnetic susceptibilities 
are simply related to the ofleotive radii of tho moleoules 
calculated from the radii of the atoms (from crystal 
struoture data) assuming close packing ; these relations, 
however, do not seem to have any deep significance. 

The infiuence of chemical combination on magnetio 
properties has been studied by Pascal,* who made an 

* 7 . Pasoal, Arm. de cMm. et phys., lQOS-13, and later paper 
ia Oomptes Jienduea, 
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extensive series of moasurcmtuits, partionlorly on organic 
liquids. Ho concluded that the nioloeular suscepti- 
bility could be expressed as a sum of the atomic 
susceptibilities with a corroding factor A depending 
on the nature of the chemical linJcages between tho atoms. 

Xu — ^Xk + ^ .... (14) 

Values were deduced for tho susoeptibUity constants of 
atoms and groups, and for tho correcting factors, which, 
substituted in (14), gave the observed molecular suscep- 
tibilities with an acom-aoy of 1 or 2 per cent. The 
following tables give examples of the values found. 

Tabm VIo. 


Suaoeptibihty Constants. — Xa X 10“. 


H 



. 3-0 

E 



. H-6 

0 



. 6-2 

a 



. 20 

N 



. 6-6 

Br 



. 31 

0 



. 4-0 

SOi . 



. 37 

No . 



. 4 

NO, . 



. 18 

K 



. 11 

H,0 . 



. 13 


Tablb VI6. 

Constitutive Correcting Constants. A X 10*. 

Benzene . . . . . . — 1-6 

Ethylene ...... -J- 6'7 

Die&ylone ...... -j- 11*0 

Acetylene . . . . . . -f- 0-8 

The correcting constant is sometiraos poaitivo. For 
ethylene this might be taken to indicate that the 
‘ double bond ’ was paramagnetic, but its real signifi- 
eonce becomes clear on considering a series of groups. 

- Xu y. 10® 

- CH, - CH, - (2 X 6-2) -t- (4 X 3-0) = 24-4 

- OH == CH - (2 X 6-2) + (2 X 3-0) - 6-7 = 

- 0 s 0 ~ (2 X 6-2) - 0-8 = 11-6 

On the views which have been outlined, the suscepti- 
bility gives on indioation of the extent of the space 
oharge distribution. The small susceptibility of the 
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othylono as compaTcd wi(.h tho ctliano group is thore- 
fore to bo attributed to a ooncontraiion of tho olootronio 
charge and not to a paramagnotio oIToot of a double 
bond. In tho ethano group each carbon atom may be 
regarded aa forming the centre of an electronic distri- 
bution of the ‘ closed eonfiguration ’ type, while in 
ethylene and acotyleno the two carbon atoms approxi- 
mate to a single oontre for the outer part of the elec- 
tronic charge. (In terms of the Langmuir model, ethane 
consists of two cubes, ethylene and acetylene of one.) 
Other apparent peculiarities can be explained in a 
similar way. In general, measurements of diamagnetic 
susceptibility show that in the maps of molecules pro- 
vided by chemical formulae, double and multiple bonds 
represent regions in which two or more nuclei are drawn 
together, and where, in consequence, the electronic 
charge is more concentrated. (In terms of the orbital 
theory, the orbits of the electrons, in such regions, are 
reduced in area, and so contribute less to the suscepti- 
bility.) It wovdd seem that diamagnetic susceptibility 
measurements might often throw a valuable siddight on 
the structure of molecules and on the nature of chemical 
combination. 



CHAPTER HI 
PARAMAGNETISM 


Theory 

J ANQEVIN'S Theory . — ^In a comprehensive ia- 
" vestigation, Curie measured the susceptibilities of 
a large number of substanoes over a wide range of 
temperatures (1895). He found that, while the mass 
susceptibility of moat diamagnctics varied little with 
temperature, that of paramagnetios decreased with 
increasing temperature. For oxygen the mass sus- 
ceptibility was inversely proportional to the absolute 
temperature. 

% — 5 

This law of variation — Curie’s law — ^was approximately 
obeyed by paramagnetic solutions. Langevin was the 
first to give a sati^aotory theoretical interpretation of 
the main experimental results. His treatment of para- 
magnetism remains of fundamental importance, although 
it has to be modified in the light of later developments 
of atomic theory. 

Langevin’s theory applies essentially to a gas of which 
I the molecules have a permanent moment due to clxou- 
[ lating electrons. When a magnotio field is applied the 
j molecules will tend to orientate themselves with their 
I magnetic axes in the direction of the field. This 
tendency will be counteracted by the thermal motions, 
in particular the rotations, of the molecules, and there 
, will be an .equilibrium distribution of the axes with 
. reference to the direction ol the field— just as there is 
I on equilibrium distribution of density for a column of 

37 
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gas in a gravitational iiold. If tlio equilibrium distri- 
bution can be determined, an expression lor the suscep- 
tibility may be deduced. 

Let fi bo the molecular magnetic moment (assumed 
to be the same for each molecule). Assuming equi- 
partition of energy, the distribution of molecules among 
different states when equilibrium is attained may bo 
calculated in the usual way ; the number of molecules 
with axes making an angle 0 with the field dirootion, 
per unit solid angle, will be proportional to the 

magnetic potential energy of the molecular magnet 
being — /iB. cos 0. 

dn = 

The distribution of axes will be symmetrical about the 
field direction, and dco, the element of solid angle, may 
be taken as 2 jt sin Odd, this being the solid angle between 
two cones whose semi- vertical angles differ by dO. 

dn = Ce““““' 27 t sin 6 dd 
where a = fiB/ifl 

Let n be the total number of molecules, M the total 
magnetic moment, and fi the mean resolved magnetic 
moment in the field direction. 

f Qgo 001 008 0-271 sin QdO 

p, M J 0 

ju j Ce«“”'’- 27 rsinOdO 

The integrations may be oarriod out by putting « =» 
cos 0, giving 

/i e® — e-» a • ' • • 

= coth a ~ ^ , . , . . (2a) 

When a is small (that is pK < Idl), from the expansion 
of (2) 
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fi a 

^ " 3 “ Si-T 


. (3) 


The Langevin function is ahowii by the cui’ve in Fig. 4. 

It will be seen later that is generally much smaller 
W (except at very low temperatures), and the 
approximate expression (3) — ^represented by the tangent 
to the curve at the origm — ^may be used. 

A magnetic field itself can only produce the precession 
effect discussed under diamagnetism. For paramag- 



netism to occur, it is necessary, in order that the now 
equilibrium distribution may be set up when the field 
is applied, that there should be some ‘ mechanism ’ by 
which the appropriate changes in the energies and 
angular momenta of the molecules may bo brought 
about. This mechanism might be provided by collisions, 
or by radiational processes. 

From (3) an expression for the susceptibility may be 
derived. Let n„ and tin be the number of mole- 
cules per unit volume, per unit mass and per gram 
molecule ; is Avogadro’s number and is equal to 
mtta where m is the molecular weight. 
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% 


_ ^ 

H “ SA-r 

_ 

3A:T 


(4) 


3iT 3(%/i:)T 


_ffol 

3RTJ 


The expression for is usually most oonveniont in 
discussing results, Og being the gram molecular magnetic 
moment. The theoretic^ conclusion for a paramag- 
netic gas is thus completely in accordance with Curie’s 
gener^zation (1), and the Curie constant assumes 
signiEcanoe as being proportional to the BC[uare of the 
molecular magnetic moment. The Curie constant per 
gram molecule Cm is equal to mC where C is the con- 
stant per unit mass. 

Cm = mC = aa^/3B> 

Oo == V^Cm (6) 

According to Langevin’s theory, the value of which 
may he deduced from susceptibility measurements with 
ordinary fields is that corresponding to complete align- 
ment of all the molecular magnets. 

When a is small, is approximately equal to 

1 -f cos 0 ; the expression for p,///, is then given by 

5 = a I cos® 0 sin OdO / 1 sin OdO 

== o cos® 0 (6) 

where the bar denotes a spatial me an valu e. When a 
‘ continuous ’ distribution is possible, cos® 0 =» ^ — ^giving 
the expression (3). The quantum theory, however, 
neoessi^tes a reconsideration of whether this contin- 
uous distribution can occur. 

The Molmdar Field. — ^The susceptibility of many 
Bohd paxamagnetios does not vary with the temperature 
in the way indicated by Curie’s law, but over consider- 



PABAMAQNETISM 41 


able ranges of tompcratnro, according to the relation 


a: = 



. . ( 7 ) 


In Langevin’s theory of a paramagnetic gas the mole- 
cules are supposed to exert no influence on each other 
depending on their orientation. Weiss extended the 
theory by supposing that the effectivo field H» acting 
on a molecule was a resultant of the external field, H, 
and an internal field, H„ proportional to the intensity 
of magnetization. 

H, = H -f H, = H + NI . . , (8) 

If this internal field were of purely magnetic origin, 
N would be approximately equal to dsr/S ; but to 
account for observed susceptibilities, N must in some 
oases be thousands of times greater than this, and it 
is frequently negative. the ‘ molecular ’ field, must 
therefore be regarded as an interaction field whose origin 
remains to be explained, but which is equivalent in its 
effects to a magnetic field proportional to the intensity of 
magnetization. The consequences of the assumption 
may be worked out by substituting H, for H in (3) for 
the case where a{— is small. 

p./f.i = ^H,/3fcT = /i(H + NI)/3fcT . (9) 


ITor the gram molecular moment, since I = 

m 

m is the molecular weight, and q the density 
<L 

<t„“3RT\ m J ■ ' '■ 


c„ 


where 6 = 


O 

~ H 3R(T - fi) “ T - 


SRm 


m 


where 


. (9a) 
. (10) 


Aooording to the Weiss equation (10), a paramagnetic 
substance in which there is a molecular field wiU have 
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a susceptibility varying inversely as the excess of the 
temporaturo above a certain critical temperature 0. 
This is known as the Ourio tomporntnre. For ferro- 
maguetios the Curie tonaporature is positive (lor iron 
about lO^O® abs.), and above it fen'omagnetism is 
replaced by paramagnetism. For most paramagnotics 
6 is small and may bo positive or negative. The equa- 
tion indicates that the inverse of the susceptibility 
varies linearly with the temperature 


JL^ jT __0 
%K Cjn Cu 


(II) 


The slope of the T graph gives the Curie constant, 
which has the same signihoanoe as when 0 = 0; the 


intercept on the T axis gives 6 from which the mole- 
cular held may be calculated. Although the value of 
6 obtained by extrapolation is frequently positive for 


paramagneticB, it cannot be concluded that the sub- 
stance would become ferromagnetic at low enough 
temperatures, for there tho linear relation between l/}( 
and T generally breaks down. 

The Weiss Magneton . — ^For paramagnetics which 
follow the Curie or Weiss law, the gram molecular 
magnetic moment may be calculated from tho Cmie 
constant, using (S). In 1911, from raoasuromonts then 
available, Weiss concluded that thoro was a funda- 


mental unit of magnetic moment, tho magneton, of 
winch aU atomic or molooulaa- moments were multi])l6s ; 
tho value of tho Weiss rmit moment per gram molecule 
(Mw) being 1123’6, corresponding to a value for the 
unit magnetic moment per molooulo, tho magneton, of 
I -85 X 10"®^ unit polo X cm. Although later results 
have shown that the conclusions of Weiss cannot be 


maintained, the unit suggested is a convenient one. 
The magnetic moment as calculated from the Citric 
constant is usually expressed as p Weiss magnetons. 
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The experimentally determined oharaoteriatics of a 
normal paramagnetic may thus bo summarized by giving 
the values of p and 0 for tho range of lemperaturo over 
which it was investigated. 

T?te Quantum Theory. — In the original form of Bolu'’s 
theory of atomic structure, the angular momentum pj, 
was restricted to such values that 

2np^ = hh (13) 

h being an integer . Por the associated magnetic moment 

^ = = 

Tho quantity eh/47mc is the natural quantum unit for 
magnetic moment. It is equal to 9‘23 X 10"®^. This 
gives for the unit moment per gram atom 

Mb = 5,593 (15) 

This is approximately five times as large as the Weiss 
unit 

Mb/Mw = 4-967 .... (16) 

Since the Weiss unit was unsuccessful as a universal 
sub-multiple, a unit five times as large might seem some- 
what unpromising. Consideration of the Zeeman effect 
showed, however, that some modification was necessary 
in the classical assumption that any orientation of the 
atomic magnetio axis with respect to tho fiold was 
possible. That definite lines appeared in tho Zeeman 
effect could, in fact, only be explained on a spatial 
quantization basis — by postulating that the resolved 
angular momentum in the field direction could only 
assume certain discrete values. The problem, however, 
was a complicated one, and it is only in the last few 
years that the facts have been co-ordinated by means 
of the relatively simple scheme outlinod in Chapter I. 
A brief account will now be given of how a theoretical 
value for the atomic magnetic moment (the p value) 
may be obtained in terms of the quantum numbers 
demiing the spectroscopic state. 
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Let j be tlie quantum number giving the angular 
moment of tho atom as a whole, a resultant of I, the 
orbital, and s tho spin moment. The resolved moment, 
m, in the direction of an applied field can have the 
values j, j — I, j — 2 ... — j, the oorresponding 
magnetio moment, in Bohr units, being given by Trig 
where g is the Lande splitting factor, a function of 
j, I and s (Chapter I, eq. 8). On the classical theory 
the resolved moment is equal to fi cos 6 and can assume 
any value from + /U to — fi; on the quantum theory 
possible resolved magnetic moments are confined to tho 
mg values. Eq. (6) is therefore replaced by 

ii/fi = a{m/j)^ .... (17) 

There are 2j + 1 values of m from + y to — j. 

= a0‘+l)/3j (18) 

Substituting fiR/kT for a, and jg for (z, there results 
for jS, in terms of the Bohir unit 

- 

3AT 


Let Md be the Bohr unit per gram molecule and % 
Avogadro’s number 


Xb- g-- 


. (19) 


Now p, the Weiss magneton value, is calculated from 
the expression (cf. 12) 

p = V3 RTxm/Mw 
Substituting for Xtt 

p = (Mj,/Mw)gVy(y + 1) 

= 4-967?Vy(j+ 1) . . . (20) 

In the simplest case, that of atoms in on S state, in 
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which the magnetic moment is entirely due to the 
electron spins, g = 2 and j = a. This gives 

p — 4-967 V4s(a + 1) . . . (20ffl) 

Possible values of a are 0, -J, 1, . . . corresponding 

to 0, 1, 2, 3 . . . ‘ unbalanced ’ electrons ; the magnetic 
moment being 0, 1, 2, 3 ... in Bohr units. Prom 
(20a), therefore, the p values corresponding to integral 
multiples of the Bohr unit may be calculaLed. 


Table VII. 

Magnetic Moments of Atoms in S States. 


Spectrosoopio 

State 

iSo 




-s. 

^ “S,/, 

Bohr Magnetona 

0 

B 

2 

3 

B 

6 

P 

0 

8-6 

14-1 

10-3 




These p values were first given by Sommerfeld, follow- 
ing on earlier work of Pauli, Epstein and Gorlach ; they 
are in agreement as to order of magnitude with the 
experimental values for the ions of the first transition 
series, but since atoms and ions are not nocessarily in 
S states, the more complete expression (20) has in general 
to be used. This expression was first given by Hund.* 
In deriving (20) it has been assumed that all the 
atoms arc in the samey state. This will not necessarily 
be true if the energy difference between different j 
states (corresponding to the same value of I and different 
values of a) is small compared with 4T. This question 
has been discussed by Sommerfeld and Laporto,t and 
also by Van Vleok. J Let Av be the frequency difference 

* F. Hiind, Zdts, fUr Phya., 33, 866 (1926). 

-j- O. Lapoite and A. Sommoifeld, Zeits. fiir Phya., 30, 333 
(1026). 

J J. H, Van Vleck, Phya. Be»., 31, 687 (1928). 
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bctiwoon dilloront j Btatca. Eor chAv^hfl, Van Vlcok 
shows that I and a are not strongly ‘ coupled hut are 
quantized separately with respect to the iiold ; (20) is 
then replaced by 

p = 4-07 V48(8 + 1) + l{l + 1) . . (21) 

This is a limiting expression for 0 or T-> oo, 

■while (20) is the limiting expression for Av-^ co or 
T->0. 

Van Vleck’s treatment of paramagnetism (and of 
diamagnetism) is on a rigorous quantum mechanical 
basis. A definite value can be assigned to the square 
of the magnetic moment. For the parama^etio part, 
when the multiplet intervals are large, this is given by 
= g^j(j + 1)/1b® ; tke equations (19) and (20) are 
then derived directly by using the classical factor 1/3 
in the expression /Z = 

In the light of the general theory, which has been 
outlined, some of the experimental results will now be 
discussed, those for the simpler electronic systems being 
considered first. 


SaiPLB lOKS 

As described in connexion with diamagnetism, ionic 
susceptibilities may bo deduced from moasm’ements on 
solid salts and solutions. It is found that paramag' 
netism makes its appearance as a oharaoteristio property 
of ions which have an inoomplote group of electrons, 
that is of ions of the various transition series of elements. 
In these, groups of electrons aro incomplete for which 
f = 2 (d electrons — ^the complete group has 10) or, in 
the rare earths, H = 3 (/ electrons — ^the complete group 
has 14). It is the ions of the first transition series, 
with from 19 to 27 eleotrons, which have been most 
completely investigated ; data are also available for 
the rare earth ions. 

SohuMona, — -The susceptibility of paramagnetic ions 
deduced from measurements on solutions (by borreettog 
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for the diamagnetism of water, and of other ions present) 
generally follows the Ouiio law (x — 0 /T) closely over 
the nooessaxily restricted range which can bo investi- 
gated ; for concentrated solutions the Weiss law 
(X = C/(T — 0)) must be used, though no simple 
generalizations have yet been found as to the way in 
which 6 depends on the concentration or on the nature 
of other ions present. For not too concentrated solu- 
tions, the Curie law may be assumed to hold, and the 
ionic moment calculated on this assumption may be 
expressed as p Weiss magnetons (Equation 12). For a 
number of salts the ‘ apparent ’ p value varies very 



fiQ. 5. — Variation of apparent Magnetic Moment of Co* with 
Concentration 

little with concentration. For NiClj, for example, the 
p value for the Ni++ ion is constant to within about -4 
per cent, for concentrations ranging from •62 to 22-69 per 
cent., the value being 16-05J--03. For cobalt salts, on 
the other hand, the p value for Co'"'’ varies between 
about 24 and 25 ; the addition of acid may cause the 
apparent value to fall below 23. Some results for 
C 0 SO 4 are shown in Fig. 6 . 

Whether these variations indicate a change in. the rela- 
tive nmnbers of different magnetic ‘ carriers ’, or are 
due to the inffuence of the environment on the magnetio 
moment of ions of a single Mnd, will be discussed later. 
The important point wMoh emerges from the measure- 
ments is that these variations are usually relatively 
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small, and that the p values doduood for a particular 
ion from moasuromenta on solutions of diftorent salts 
cluster closely round a fairly well defined value. Some 
results for the first transition scries are shown in Table 
Vni (p. 49). 

Solid Salta . — Eor the groat majority of paramagnetic 
salts the Weiss law % = G/(T — 0) holds very closely 
over considerable ranges of tomperatui’e. The value of 
0 varies widely for different substances. Some examples 
of 1/x, T curves are shown in Eig. 0. 



Eia. 0. — ^Variation of Su8oq)libility with Tomperatuxe 
The graphs shown, from the higheab to tho lowest on. the right, 
are those for 

PeSOj p = 26, e =. - 16 
MnOlj p = 27, 0 >= + 21 
■E’o,(SO,), p = 20, 0 = - 73 

There are sometimes abrupt changes in the slope of the 
1/X, T curves, attributable to changes in 6 or 0, possibly 
due in some cases to ohemioal changes. As for solutions, 
the p values deduced for the same ion in different soils 
generally agree fairly dosely as to order of magnitude, 
though the variation may be eonsiderable. Thus for 
the Oo++ ion, Ghantillon finds values ranging from 
22 td,26. 
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GoUecicd Beaulfs , — ^^rho «vfigucl.io inoittonta dotluoed 
from inoasnromotits on solutions and solid salts for the 
paramngnotio ions of tho first transition series are shown 
in Table Vlll ■ The positive charge of tho ion is shown 
by tho index. Tons with 18 electrons (K^, Oa®) and with 
28 (Cu\ Zn®) are diamagixetic. A striking fact, first 
pointed out by Kossel, is that tho j) values for different 
ions with tho same number of oloctrous (as Mu“* and 
Fo®) are in oloso agreomoiit. This is in acoordance with 
the general theory, provided that the quantum state 



Pro. 7. — ^Bnro Earth Tonic Moments 


of the electrons in the ions is independent of the nuclear 
charge. 

The susceptibilities of a number of rare earth sulphates 
and oxides have been measured by Cabrera and fit. 
Meyer ; and of aqueous solutions of various salts by 
Decker. The resvdts for the ionic susceptibilities are 
in fair agreement. The p values for the ions (from 1*® 
64 to Lu® 68) are plotted in Fig. 7. 

For the ions of the remaining transition series only 
isolated data are at present available. 
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Discussion.* — ^Aa oiilL’nod in Chapter I, poaaiblo 
speotrosoopio states tor an ion may bo dotennined when 
the number and quantum states of the electrons it 
contains ai-o known. Of the possible states experiment 
and theory indioato that thc«o with the highest residtant 
spin moment (s) will be dee2)OHt, and of those that with 
the highest resultant orbital moment (1). The j value 
corresponding to the deepest state (the ground state) 
is taken to be the lowest j in the first half of the group, 
and the highest in the second (corresponding to inverted 
multiplet intervals). Applying these considerations to 
the rare earth ions, which have varying numbers of / 
electrons (2 = 3), Hund determined the ground states, 
and calculated the magnetic moments (using Eq. 20). 
The theoretical p values agree very closely with those 
found experimentally (Pig. 7) except in the case of 
Eu® 60 for which the theory gives a zero moment. 
The expression used (20) is that corresponding to large 
multiplot intervals, which is appropriate for the rare 
earth ions. 

In Table VIII are shown the spectroscopic groruid 
terms for the ions of the first transition series. These 
have been deduced theoretically, but there is strong 
though indirect experimental evidence for them. The 
observed p values and those calculated from various 
theoretical expressions are shown in Pig. 8. 

It will be seen at once that the observed values do 
not agree at all with those deduced using the expression 
which is sa tisfacto ry for the rare earths. (Curve 2. 
p = 4:'&7gVj(j + 1) ). It was suggested by Sommerfeld 
and Laporte that this might be duo to the relative 
smaHnoss of the multiplet intervals. For vanishingly 
small multiplet interva l the observed valu es should lie 
on curve 3 (p = 4-97V4a(5 + 1) + Z(Z + 1) ). Actually 
the observed values do not fall between the two ‘ limit- 
ing ’ curves. Bose f has developed the view that the 

* For fuller diaoussion and rafeimces see E. 0. Stoner, Phil. 
Mag., 8, 360 (1929). 

tD. M. Bose, 2le&s. /tir Phya., 43, 864 (1927). 
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paramagnotiam of tlvo ioiw ia dvio ontiroly to tlie spin 
momtmt, tho orbital tnomout playin g uo part. This 
leads to curve I (p == 4-97'/4s(s + 1))— the same as 
that originally given by fcjommerfdd as oorrospondiug 
to whole nnraher Bohr raagnotons. Again the agree- 
ment is unsatisfactory, particularly for ions in the 
second half of the gi’oup ; further, no reason is suggested 
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as to why the orbital moment is inoperative in the first 
trandtion series, while it definitely plays a part in tJie 
rare earth ions. 

In order to explain the facts it seems necessary to 
taJre into account the possibility of a definite interaction 
between the paramagnetio ion and surrounding ions and 
molecules. In the rare earth ions the effective electrons 
are not those of the group of highest quantum number. 
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Thus in GcP 61 there is a closed group of eight electrons 
for which w = 6 , wliilo for tho inoom])loio group of seven 
f oloctrons, w = 4. Interaction will presumably affect 
primarily the electrons in tho group of highest total 
quantum number, and in tho first transition series this 
includes tho electrons responsible for the paramagnetism. 
Now Van Vleok’s treatment shows that unless tho spin 
and orbital moments aro firmly coupled together (to 
give a resultant j) they should be considered separately. 
The symmetry of the electiic charge distribution of an 
ion depends on the orbital moment I, and tho definite 
way in which atoms and ions arrange themselves rela- 
tively to each other in a crystal suggests that there 
may be a strong ‘ Z-interaction ’. At the same time the 
6 moment, depending on the intrinsic spins of the elec- 
trons may be relatively free. In the case of strong 
interaction, the a moment only may be affected by an 
applied m agnetic field , the p value then being given by 
p = 4-97V4a(s -f 1 ). When the interaction is weak, 
however, tho Z moment will also be affected. As will 
be seen from Kg. 8 , the observed moments as a whole 
he satisfactorily between tho curves suggested as limits 
(curves 1 and 3) by these considerations ; at the same 
time the difference in the behaviour of the rare earth 
ions is accounted for. While there ore many details 
to be worked out it seems that the beginninp have 
been made in tho explanation of a long-standing problem. 

Zow Temperature Inveeiigattons . — ^The magnetization 
of paramagnetics depends on H/T. With the magnetic 
fields attainable by tho usual means, uH/fcT is small 
at ordinary temperatures ; at sufficiently low tempera- 
tures, howevei', it may become large enough to enable 
the Langevin theory as to an approach to saturation 
to be directly tested. Octahydrated gadohnium sul- 
phate, Gd 2 (S 04 ),. 8 H 20 , with active ion Gd® 61, has 
been examined from this point of view by Onnes and 
hie collaborators. Down to the lowest temperatures 
investigated (1*3° abs.) it follows Curie’s law very closely, 
the susceptibility being given by 
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1 = -0203/^ 

indicating a value for j; of 30-2, corresponding to 
ju == 7'2 X 10"®® (calculated daRRically). This gives 


uK 

7fT 


7-2 X 10-»» H 




1-37 X 10'^« 


= 6*2 X 10-^^ 


With fields of 22,000 gauss at 1-3° values of a approach- 
ing 8 could ho obtained. It was found that the mag- 
notization was no longer proportional to the field, but 
that, within the limits of experimental error, the mag- 
notization was related to the field in the way indicated 
by the Langevin curve (Fig. 4). The maximum intensity 
of magnetization obtained corresponded to 84 per cent, 
of the saturation intensity, calculated classically ; or 
to about 05 per cent, of that calculated on the quantum 
theory for an ion with a moment of 7 Bohr magnetons. 
This provides an experimental proof that the saturation 
moment calculated from the susceptibility in small 
fields is at least approximately equal to the saturation 
moment which would bo observed in very strong fields. 
It has seemed remarkable that solid gadolinium sulphate 
behaves in accordance with the theory for a paramagnetic 
gas — as though the gadolinium ions wore free to rotate like 
gas molecules ; it is, however, not necessary to suppose 
that a rigid ion rotates, but rather that the possible 
charge distributions associated with the ion in a field 
are such that the resolved magnetic moment can only 
have certain definite values. 

The susceptibilities of a sorios of sulphates of iron, 
nickel and cobalt, both in powder form and as single 
crystals, have been measured by Jackson down to 
temperatures of 14° absolute. It was found that in 
general at low temperatures the 1/x, T graphs were 
not linear, but showed curvatures of various types, 
indicative of ‘ oryomagnetic ’ anomalies. Foex has 
given a qualitative explanation of these effects on a 
classical basis by assuming the existence of a potential 
energy depending on the orientation of the magnetic 
carrier with respect to the crystal lattice. The theory 



PARAMAGNETISM C6 

may bo brought into relation with the aasn7a])tion of a 
quantum intwaotion field, but no quantitative treat- 
ment has yet boon given. Further investigations, both 
experimental and thooretioal, on paramagnetism at low 
temperatures will undoubtedly throw much light on 
many problems, particularly as to the interaction be- 
tween an ion and its neighbours, which are at present 
very obscure. 

The Weiss molecular field theory formally coiTolates 
many of the facts, but, as has already been pointed out, 
the field is not of magnetic origin. It arises in some way 
from the peculiarities in the quantum-mechanioal inter- 
action of electronic systems, and its discussion is best 
deferred untU ferromagnetism is considered. 


Molbculbs 

The susceptibility of the paramagnetic gas oxygen 
has been measured over a wide range of temperatures 
by different observers, and it has been found to follow 
Curie’s law very closely. The Curie constant, and hence 
the molecular moment, can therefore be deduced from 
measmements at a single temperature, of which the 
most accurate are probably those of Bauer and Piccard 
(1920), who also measured the susceptibility of nitric 
oxide. The results are shown in the following table : 


Tablis IX. 

Magnetic Constants of Og and NO. 


■ 

Mass Buso. 
at 20“ 0. 
XX 10“ 

Vol. suso. 

20“ C. 
760 mm. 
KX 10“ 

xT 

Gm, mol. 
Moment 
To 

WeisB 

Magnetons 

P 

O, 

107-8 

•1434 

■0316 

16,920 

14-2 

NO 

48-7 

•0007 

•0143 

10,330 

9-2 
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The BUBCoptibility of oxygon in tho liquid and solid 
siiate hofl been dotorminod by Pomor and Onnoa. Por 
the liquid mixed with foobly diainagnotio liquid nitrogen 
botwcon 60“ and 80“ aba. the snscoptibility ia given by 
*316 

X ~ moleoular field constant is negative 

(indicating a negative molooular field) and varies with the 
concentration of the oxygen from — 2-2° for 8-1 percent, 
to — 29-6“ for 74-6 per cent. Solidification (at about 57° 
abs.) results in a sudden decrease in susceptibility, and 
a large increase in 0. At 33° a new allotropio modifica- 
tion is formed which has the anomalous characteristic 
that the susceptibility decreases with decreasing tem- 
perature down to 13° abs. 

Nearly all gases are diamagnetic ; this is due to the 
fact that most stable molecules contain an even number 
of electrons, which will usually give rise to diamagnetism. 
A solution of ClOg (33 electrons) in carbon tetrachloride 
is paramagnetic, the susceptibility corresponding to a 
magneton value of 8-7. NOj (23) is also paramagnetio, 
but the susceptibility has not been accurately deter- 
mined. Ozone is diamagnetic. 

The study of band spectra has shown that electronic 
levels may be assigned to molecules which are aneilogous 
to those for atoms. NO has a ®P ground state, tho 
separation of the components being about '6fcT at ordin- 
ary temperatures. Van Vleck* has given a detailed 
calculation which leads to a magneton value agreeing 
to within 1'6 per cent, with that observed. Tho mag- 
neton value, however, should vary with the tompoi'ature, 
and it would be of great interest if the susceptibility 
could be examined over a suffioient rango to test this 
conclusion. 

The electrons in Nj (14) form a closed configuration. 
The *P state of NO (16) is what would bo anticipated 
from the addition of one p electron. The spectrum of 
O, (16) has not yet been f^y analysed. A dSamagnetio 
^So ground state would be anticipated as the lowest 
• J. H. Van Vleok, Phya. Beo., 31, 687 (1628). 
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due to two p olootrons ; in tliis Htato the olootvon HpiuH 
balance out. Tho suBooptihility, howovor, agi'c'OH with 
that for a *81 state — oonoaponding to 2 Bohr magnolourt 
—the momont being entirely dno to tho two parallel 
electrdn spina. This is very surprising, nnrl tho question 
as to why oxygen is paramagnetic remains at present 
completely unsolved.* 

OoMPi-iis: Salt, 9 t 

The investigation of the magnetic properties of 
certain complex salts is of great interest whon ' tho 
results are considered in connexion with theories as 
to their structure. As classical examples of complox 
salts the oobaltammines may be considered. With the 
Werner symbolism, a typical oobaltammine may be 
represented by the formula 

[Co(NH,).a](NO,), 

The compound ionizes as indicated by the bracket, 
giving a complex ion [OolNHa),©!]’'’''’. Although the 
simple Go’’"'’ ion is paramagnetic, the complex ion is 
diamagnetic. If Sidgwick’s inteopretation of the struc- 
ture is adopted, it is possible to calculate tho number 
of electrons, giving the ‘ efCectivo atomic number ’ z, 
associated with the central atom in the complex. Each 
(NOa)" group outside the bracket, removes 1 electron ; 
inside the bracket the 01 adds 1 electron (by sharing) 
and each NHj adds 2 (one by transfer and one by 
sharing). The effective atomio number is IheroCoro 
given by 

s = 27 - 2 -fl -f (5 X 2) = 3G 
The number of electrons associated with tho oontral 
atom is thus the same as tho number in tho inert gas 

♦ B. 0. Stoner, Phil. Mag., 3, 336 (1027). 
t Bor results see B Bosonbohm, ZeiU fur Phya. Ohem,, 93, 
008 (1619) I Ii. A. Welo, Phil, Mag., 0, 481 (1928) ; for dis- 
oussion, L. 0. Jackson, Phil. Mag., 2, 86 (1926 ) ; 4, 1070 (1927) ; 
D. M. Bose, Phil, Mag., 5 , 1048 (1928 ) ; B. 0. Stoner, Proo. Laeda 
PUh Soe., 1, 226 (1928). 
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atom krypton, and presumably forms a closed con- 
figuration of the same typo, with a zero magnetic 
moment. All the cobaltammlnes oi'o diamagnetic for 
the same reason — ^that the number of olootrons associated 
with the central atom, 3G, is such as to form a closed 
configuration. This is found also for salts of the 
potassium ferrooyanide type. 

When the effective atomic number is not equal to 
that of a closed configuration, the complex ion may be 
paramagnetic. In the following table are given the 
approximate magnetic moments (p values) found for 
ions of a number of complex salts, Z being the atomic 
number, and z the effective atomic number of the 
central atom. 


Tasle 3C. 

Moments of Complex Ions of Elements of First Transition Senes. 



Fe 

Or 

Oo 

Ni 

Cu 

Fo 

Fe 

Co 

1 

Ni 

z 

26 

23 

27 

28 

29 

26 

26 

27 

1 

28 

Z 

32 

33 

33 

34 

3 

6 

36 

37 

38 

p 

24 

19 

23 

13 

9 

10 

D 

0 

■ 

16 


The moments found are of the same order of magni- 
tude as those for atoms in S states (Table VII), but 
there is difficulty in giving a precise interpretation of 
the results. It is not known how the electrons associ- 
ated with the central atom are distributed among the 
possible quantum states, and the magnetic data avail- 
able are not at present sufficiently numerous or precise 
to distinguieh between the various possibilities. To take 
a paridcnlar example, the 33 configuration may contain 
a closed group of 30 electrons, and 3 p electrons m the 
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w = 4 level, giving a ^Sa/a state (p — 19-3) ; or of a 
closed group of 18, aii incomplete group oil d elootrons 
in the m = 3 level, and a closed group of 8 for which 
ra = 4. This would give rise to a ‘Fo/a stale for which, 
on the view previously developed, p may have a value 
ranging from 19-3 to 26'8 (see Table VIII). More ex- 
tended magnetic measurements promise to throw con- 
siderable light on the distribution of electrons in these 
complex ions. 

It is of interest to note that the ammines of Ru, 
Rh and Pd are diamagnetic when the effective atomic 
number is equal to the atomic number of the inert gas 
xenon (54) ; and those of Os, Ir and Pt for an effective 
atomic number 86 (emanation). Further investigations 
both of the simple and complex ions of transition series 
of elements other than the first are most desirable. 

At present the general manner in which the magnetic 
properties of complex ions are to be interpreted is fairly 
clear, but many details are obscure ; and much more 
experimental work wiU be necessary before the whole 
problem can be satisfactorily emweyed. 



CHAPTER IV 
FERROMAGNETISM 

I RON and other ferromagnetics are qualitatively dis- 
tinguished magnetically from other substances by 
the fact that they may acquire a relatively high magnet- 
ization in weak fiel^. (In a held of 10 gauss, for 
example, the specific intensity of magnetization of 
antimony, a diamagnetic, is about — -8 X 10*®, and of 
cobalt sulphate, a paramagnetic, about -6 x 10*®, while 
that of a typical specimen of soft iron is about 200.) 
In general for ferromagnetics there is not a linear 
relation between the magnetization and the field strength. 
The susceptibihty, defined formally as the ratio of the 
intensity of magnetization to the field strength, there- 
fore varies with the field, so that the magnetic charac- 
teristics of a ferromagnetic cannot be specified in so 
simple a maimer as con those of dia- and paramagnetics. 
The magnetization, moreover, is not a unique function 
of the field strength, but depends also on the fields to 
which the specimen has previously been subjected. If 
the field is varied cyclically, the well-known hysteresis 
curve is traced out. Of particular importance is the 
fact that a ferromagnetic may exist in a permanently 
ma^etized state when there is no external field. Above 
a certain critiGal temperature, however, all forromag- 
netios become paramagnetic ; and when it is stated 
ihat a substance is ferromagnetio it is to be understood 
that this refers to a range of temperatures below the 
critical temperature, that is, below the Curie point. 
Ferromagnetics exhibit a very wide range of phenomena 
which have been extensively investigated not only 
owing to their intrinsio scientifio interest, W also on 

60 



FERROMAaNETTSM 61 

account ol their technological importance. It may be 
said that at present there is no theory which accounts 
in a completely satisfactory maimer for even the more 
salient chai'acteristics of ferromagnetics ; bub the treat- 
ment of Weiss, supplemented by the quantum theory, 
does introduce order into chaos, and serves to correlate 
many of the facts. In the theory of Weiss the mole- 
cular held plays an important r 61 e, and it is only since 
the advent of the new quantum mechanios that there 
has been even the beginning of a satisfactory explana- 
tion of the origin of this mysterious field. In the follow- 
ing account of ferromagnetism, Weiss’s theory will first 
be described, together with the modifications suggested 
by classical quantum theory. Some of the more im- 
portant facts win then be reviewed, roughly in the 
order of ease of theoretical interpretation. Finally a 
brief indication will be given of the mode of attack on 
the molecular field problem suggested by recent develop- 
ments in quantum mechanics. 

Tuboby 

Weiss’s theory of ferromagnetism is made up of two 
essentially distinct parts. In the first, the general 
theory which applies to paramagnetism is developed 
for the case where the temperature is below the Curie 
point. The ideal characteristics theoreticafiy deduced 
do not agree with those observed experimentally for 
ferromagnetics in bulk, and it must be assumed that 
the treatment applies directly only to small ‘ domains ’ 
of the order of magnitude usually found for micro- 
orystals, but not necessarily to be identified with them. 
The second part of the theory deals with the relation 
of the ideal properties of these domains to the bulk 
properties usually observed. 

For the ideal ferromagnetio domains exactly the same 
assumption is made as for paramagnetios, namely that 
in addition to the external field H, there is an internal 
‘ molecular field ’ proportional to the intensity of mag- 
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netization, bo that for the eSeotivo resultant field, H, 

H. = H + NT (1) 

Let a = The cose where a is small has boon 

previously disoussod (Chapter IIT, Equations 8-10). 
When tho molecular field ooeffioient N is positive, the 
possibility arises of spontaneous magnetization in the 
absence of an external field. Consider a gram molecule 
of the Bubstanco of molecular weight m and density g. 


1-0 



Fig. 9. — (1) tf/Co = ooth o — l/o 
(3) ff/oj = (»)»ET/Neof|,”)a 


Let <s be the gram molecular magnetic moment, the 
saturation moment. As before (III, 2) 

— = ooth a — - (2) 

(To o 

When the external field is zero 

_ SI 

® “ KD " RT m 


a _ otBT 

0, “ Ngffo* 

The state of magnetization is detennined by the 
simultaneous equations (2) and (3), the content of which 
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is most readily soon from tlioir graphs. Equation (2) 
gives tho Langovin ourvo, and (3) a straight line through 
the origin, whose slope inoroases with j?. 

At the origin the slope of the tangent to the Langovin 
curve is 1/3 ; there will be a non-zero point of inter- 
section when tho slope of tho straight line is less than 
that of this tangent, that is when 


mRT 


<i 


T< 




3mR 
T<0 


• (i) 


It may readily be shown that the point of inter- 
seotion at the origin corresponds to an unstable state. 
When T is less than 6 (where B has the same signifi- 
cance as for paramagnetics — see III, 10), the second 
point of intersection corresponds to a stable state of 
spontaneous magnetization. As the temperature de- 
creases the intensity approaohes the true saturation 
intensity. 

Equation (3) may be written 


Oo 9 3 


. (3a) 


a may be eliminated between (3a) and (2) giving 



.where approaches 1 as T approaches 0 ; and 0 

as T approaches 6. The graph of shown in 

Eig. 10, and also the observed oxnve for nickel. While 
the general trend of the two curves is the same, the 
difference between them is consid^able. 
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Ideally a substance containing ‘ carriers ’ (nioleoulcs, 
atoms or ions) with a permanent magnetic moment, and 
having a positive molecular field constant, will behave 
as a paramagnetio above a certain critical temperature 
0, and will follow the Weiss law % = C/(T — 0). The 
elementary magnetic moment may be determined from 
the variation of the susceptibility with temperature, 



(1) Theoretioal. (2) Observed for Nickel. 


and the molecular field constant from the magnetic 
moment and the critical temperature. Below the 
eritical temperature, in the absence of an external 
magnetic field it will be spontaneously magnetized to 
a degree depending on the temperature, approaching 
the saturation value as the temperature approaches 
absolute zero. Weiss supposes that an ordinary ferro- 
magnetic is built up of domains which are spontaneously 
magnetized in this way. Tbe direction of magnetiza- 
tion of each domain is indeterminate, and if the direc- 
tions are distributed at random, the substance as a 
whole will appear unmagnetized. External fields which 
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can be applied -will in general be small compared with 
the molecular fields and their main ofiect will be in 
altering the direction of the spontaneous magnetization 
without appreciably changing its magnitude. When an 
external field is applied each domain may be supposed 
to behave in a manner analogous to that of an elementary 
crystal of pyrrhotite. 

Pyrrhotite is a ferromagnetic crystal which occurs in 
the form of hexagonal prisms of approximate composi- 
tion PeS. The phenomena observed with an ordinary 
crystal are somewhat complicated, but Weiss has shown 
that they may be readily explained by supposing each 
crystal to be oompoBod of associated elementary crystals, 
the behaviour of which is particularly simple. Thrae 
elementary crystals have a ‘ magnetic plane * (parallel 
to the base of the prism) in which there is an axis of 
easy magnetization. The crystal is normally spon- 
taneously magnetized along this axis, and application 
of an extemed field (provided it is not very large) in 
the direction of magnetization does not increase the 
intensity. If a gradually increasing field is applied in 
the opposite direction, there is no change unl^ the co- 
ercive field (about 15 gauss) is passed, when the in- 
tensity of magnetization changes in sign but not in 
magnitude. The hysteresis curves are thus simple 
rectangles, saturation (in tho ordinary sense) being 
attained in a field of about 16 gauss. At right angles 
to this direction in the magnetic plane fields of about 
7,300 gauss are required for saturation ; while at right 
angles to the plane fields of about 160,000 gauss would 
be necessary. 

If an ordinary ferromagnetio consistB of domains with 
the directions of spontaneous magnetization arranged 
at random, and behaving somewhat similarly to the 
elementary crystals of pyrrhotite, the ordinarily ob- 
served effect of applying an external field will be quali- 
tatively explained. The successive stages are repre- 
sented hy the following figm’e, in which the arrows 
represent the direction of magnetization of the domains. 
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Lot H, bo tho ooeroivo Sold for a domain. Tho 
direction, of magnetization of a domain with a resolved 
moment opposed to tho field will change sign when 
the resolved field is equal to that is when H is equal 
to H,/cos 0 . At fii'st the external field will have little 
efteot, the first changes in sign occurring when H = H,. 
More and more domains will then reverse their direction 
of magnetization, this corresponding to the steep irre- 
versible part of a hysteresis curve. Einally there wiU 
be a reversible increase in magnetization due to the 


\T/ \Ty -s-*— 

/l\ ‘/iC 


Fio. 11. — ^Illustrative of the Process of Magnetization of a Perro- 
magnetio according to the^dj^M^’ theory 

rho sirom repioieiit tbe dlBtrlbuUoa of thf^etUo^of momBtlzatloQ of th» 
domains. The flguies 1 to 1 show the successive stages bom the unmagoetlsed 
to the saturated state. ^ ^ ft ^ ti I h 

direction of magnetization]^f%mlfi do^^ tending to- 
wards that of the external field-f-the actual intensity of 
magnetization then being that appropriate to the tem- 
peratoe and the resultant of the external and the 
molecular field. The magnitude of the coercive field 
may vary for different domains, and tho theory has to 
be left in a qualitative form. As far as it goes, however, 
it is of great value, for it provides a fairly simple general 
scheme which correlates a large number of diverse 
detailed facts. The shortcomings of the theory, and 
the modifications necessary, are best considered in con- 
nexion with the detailed experimental facts. 


Thb Qyhomagnbtio Efpboi 

On any theory which attributes magnetic moment to 
the orbital motion of electrons, magnetization should 
be accompanied by a change in angular momentum-. 
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This was pointed out by 0. W. Richardson in 1908, 
The relation between the magnetic moment n and the 
moohanieol moment j of an orbital electron is 

^ = 

For a magnetic ‘ carrier ’ generally, let R be the ratio 
of j to /t ; so that for an orbital electron 

R = j/fj, = 2mc/6 = — 1-13 X 10-'^ . . (7) 

When a rod is magnetized, so that its magnetic moment 
is M, it will acquire an angular moment J due to reaction 
(since no couple is applied to it) such that 

J = ~RM 

Since R is small, tests of this relation hare hitherto 
been confined to ferromagnetics, for which M may be 
large. Even for ferromagnetics the experiment is difR- 
oult, since great care has to be taken to ehminate second- 
ary efieots which may be much larger than the effect 
which is being investigated. In the most direct method, 
the red is suspended in a helix, and the angular momen- 
tum acquired on magnetization deduced from the throw 
and the torsional constant of the suspending fibre. 
Other less direct methods, in which the resonance effect 
with alternating magnetization is utilized, have been 
successfully applied. For all the substances investi- 
gated — ^iron in various forms, nickel, cobalt, magnetite, 
and Heusler alloys — ^it has been found that within the 
limits of experimental error the ratio of the mechanical 
to the magnetic moment is half that to be anticipated 
if the magnetism was due to orbital electrons. The 
converse eaqieriments, in which the magnetization due 
to the rotation of a rod is measured, give the same 
results. 

= ’wc/e (9) 

or ii/j = 2{6/2ma) .... (0a) 

Now n/j expressed in terms of e/2«ic is equal to g, 
the sphtting factor of spectroscopic theory (Chapter I, 
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Equations 7, 8). The experiments therefore indicate 
that the value of g for the magnetic caiiiers in ferro- 
magnetics is 2 ; and so suggest that the magnetization 
of ferromagnetics is entirely due to the intrinsic spin 
of the electeons. It was seen in connexion with ionic 
paramagnetism that there is considerable support for 
the view that the orbital moment, though present, may 
not be fully effective, so that from the gswomagnetio 
effect experiments it cannot be concluded that it is the 
* free ’ electrons which are responsible for the magnetism, 
but rather that only the spin moment of the deotrons 
(in atoms or ions) is magnetically effective. This 
question will be further discussed in the next section. 

The Atomio Moments of EEKBOMAONETias * 

The intensity of magnetization of an ordinary para- 
magnetic approaches the saturation value only at very 
low temperatures and in very high fields, A ferromag- 
netic may be said to provide its own field, the effect 
of which is rendered apparent by the application of a 
relatively small external field. As the external field is 
increased from zero, the specimen being initially un- 
magnetized, the intensity increases at first slowly and 
then rapidly, finally it reaches a stage in which it 
increases very slowly and linearly with the field. Extra- 
polation to zero field gives the value of the spontaneous 
magnetization appropriate to the temperature. Some 
examples of the curves for nickel at difforent tempera* 
tures are shown in Kg. 12. 

By carrying out experiments at low temperatures an 
estimate can be made of the spontaneous magnetization 
at absolute zero (see Eig. 10), this giving the saturation 
intensity in the Langevin sense. This corresponds to 
parallelism of the magnetic carriers. Assuming these 
to be atoms, the gram atomio magnetic moment 
may be deduced d^ctly from the saturation infcensit;; 
I». Let g be the density, A the atomio weight 

*E. 0. Stoner, Proa Lse&$ Phil Soo., 1, 6h (1926). 
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The WeisB magneton value per atom is given by 




ffA 

1123-6 


( 10 ) 

( 11 ) 


At temperatures above the Curie point, the Weiss 



Field H Kilogiauss 


Fia. 12. — Magnetic iBOthermalB of Nickel 


magneton value may be deduced in the usual way 
from the slope of the \/%, T curve. 


At low temperatures the three ferromagnetic elements 
and their binary alloys have been investigated. The 
results for the magnetio moment per atom are shown 
in Fig. 13. 

At the singular points in the curves the composition 
corresponds to a simple ratio in the number of atoms. 



14 — yaiie.tioii'wii^Xempeiataieof Susoeptibilitiesof S'eiro 
magaotlo Slemants above the Cune Point 
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The sudden disoonlinuities in the curve for iron are 
particularly noteworthy. It may ho noted that y iron 
has a face centred crystal structure, while j8 iron has 
the same body centred structure as a iron (below the 
Curio point). On the Weiss theory there is not neces- 
sarily any change in the structure on passing thror^ 
the Curie point, although there is a change in the 
magnetic properties. The values of the magnetic 
moments per atom calculated from the variation of 
susceptibility over difierent temperature ranges are 
shown in the following table, and also the value of Q 
in the expression x = C/(T — 0). 


Table XI. 

Magnetic Constants of Iron, Cobalt and Nickel above the 
Curie Point. 



Temperature 
Bongo. ° C. 

e 

P 

3F© Px 

774^828 

1047 

20-9 


828-920 

1063 

17-4 


920-1305 

-1340 

28-2 

b 

1396- 

1643 

7-06 

Co ft 

1170-1241 

1404 

16-9 

Pt 

1241-1303 

1422 

14-66 

Ni ft 

412-900 

646 

8-02 

P» 

000- 

““ 

8-96 


By a comparison of Table XI and Mg. 13 it will be 
seen at once that there is no agreement between the $ 
values deduced from measurements on the saturation 
intensity at low temperatures and on the paramagnetic 
susceptibility at high. This might be attributed to a 
change in structure, but although this does occur in some 
cases (as in the change from /? to y iron) there is no evi- 
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dence of a genoral change of structure in passing through 
the Curie point (as from a to jS iron). 

There are two dureotions in which the theory requires 
modification. The treatment has been made on a 
classical basis, and the asstimption has boon made that 
the same magnetio moment is associated with each atom. 
Now the results on alloys (Fig. 12) suggest very strongly 
that the magnetio properties are determined by groups 
of atoms. The groups do not necessarily play a primary 
part in determining the crystal structure, but contain 
the minimum number of atoms which, by interchange, 
sharing or loss of electrons, can give rise to the same 
mean magnetio moment per atom as that observed for 
the material as a whole. 

Let there be n atoms in a group, and let Pa . . . 
P( . . . Pn be the magnetic moments associated with 
the atoms. Let p, be the mean moment per atom 
deduced from the saturation intensity, p? that deduced 
from the paramagnetic susceptibility ; then p, is an 
arithmetic mean (since the magnetio moments are 
parallel to each other) while pp is a root mean square 
value (as can be seen from Equations 4, 5 and 12 of 
Chapter 111). 

V. (13) 

Pp = .... (14) 

Though the values of the magnetic moments associated 
with each atom may remain constant, the mean values 
deduced hrom the saturation and paramagnetic measure, 
ments may be entirely different. 

As an example the case of nickel may be considered, 
for which p, i^== 3, pp == 8. The magnetio singularity of 
tibie iron nickel afloy of composition FejNij (Fig. 13) 
suggests that a group of five atoms may be concerned. 

saturation corresponds to the alignment of the 
elementary moments parallel to the field the resolved 
moments must then be integral multiples of the Bohr 
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unit, or approximately, inlogral multiples of 6 Weiss 
units. If it is assumed that in every group of five 
nickel atoms there are thi'ee with zero moment, one with 
one Bohr magneton and one with two, the observed 
value of p will be obtained. 

P. == H(3 X 0) + (1 X 6) + (1 X 10)} = 3 (13a) 

At low temperatures in a solid it is probable that only 
the eleotronic spin moment is effective. The nickel 
atom, with 28 electrons, will normally form a closed 
diamagnetic configuration ; the Ni'*’ ion with 1 electron 
less, has a magnetic moment of 1 Bohr unit, and the 
Ni'*"*' ion of 2 units. Thus the assumption that in a 
group of 6 atoms ionization occurs to give 3 Ni, 1 Ni"* 
and 1 Ni"*"*' wiU account for the low temperature results. 
Other groups might, of course, be chosen to give the 
same mean magnetic moment, but the value of the 
general idea lies in the possibility of accounting for the 
high temperature paramagnetic susceptibihty with the 
same group. 

At high temperatures the orbital moments may 
become partially effective, and the magnetic moments 
associated with Nii'*', Ni"*" and Ni will be approximately 
the same as those deduced from measurements on para- 
magnetios for ions with 26, 27 and 28 electrons (see 
Table VIII, Chapter III) namely 16, 9 and 0. The 
value of Pp may be calculated from (14) 

p = ^(16* + 9 = 8-2 . . (14a) 

This value is in reasonably good agreement with that 
observed (8-0). 

For nickel, therefore, the entirely different magnetic 
moments per atom deduced from the saturation intensity 
below the Curie point, and from the paramagnetic 
susceptibility above may be accounted for without the 
necessity for supposing that there is any change in the 
number and naWe of the elementary earners present. 
By making appropriate (and reasonable) assumptions 
as to the ionization witl^ groups of atoms, the die- 
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orepanoies between the observed low and high tempera- 
ture moments (indicated by Fig, 12 and Table XI) 
can aU be accounted for in a similar way. 

It has been seen before that the observed curve for the 
variation of the saturation intensity of nickel with tem- 
perature diverges considerably from that predicted by 
the classical treatment (Fig. 10). It may be noted here 
that the appropriate quantum modification, consistent 
with the above assumptions, gives a very much better 
agreement. 

On the present view ferromagnetism is to be attributed 
to the spin moments of the electrons in the atoms and 
ions, and not to the spin moments of free electrons, 
which normally should give rise only to a small para- 
magnetism (Chapter V). That only the spin moments 
of electrons are efiective at low temperatures is con- 
sistent with the observed gyromagnetio effect, and that 
these electrons are not free is in agreement with the 
Heisenberg treatment of ferromagnetism which will be 
considered later. 


Magnuto-thubiial Eiteots 


In the neighbourhood of the Curie point there is a 
rapid variation with temperature in the specific heat of 
iron and other ferromagnetics. Below the Curie point, 
according to the Weiss theory, a ferromagnetic is spon- 
taneously magnetized although the magnetization may 
not be apparent for the material in bulk:. As the tem- 
perature changes, there wiU be a change in the magnetic 
energy, and a part Su of the specific heat arises from 
this. Let Uju be the magnetic energy per unit mass, 
H| the molecular field. 

UK=-ijH,dI = -ijNIdI=-i^“ (16) 


The part of the specific heat due to the change in 
magnetic energy is therefore given by 


dUit -N dl* 


(16) 
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Above the Curie point there is no spontaneous mag- 
netization, so that Uu is zero ; as the Curie point is 
approached from below, the spontaneous magnetization 
decreases more and more rapidly, so that the specific 
heat should rise to a maximum and then fall ofi sud- 
denly to the normal value. 

The change in the specific heat of nickel at the Curie 
point has been measured by Weiss. It is in qualitative 
agreement with that calculated from the change in the 
magnetization. For manganese arsenide (a ferromag- 
netic with the low Curio temperature of about 46® C.), 
Bates has found that the specific heat rises to a maxi- 
mum and falls off to a steady value within a few degrees. 
Careful experiments by Sucksmith and Potter, f however, 
have shown that the change is not always so sudden 
as that indicated by the theory. For nickel the decrease 
is spread over about 26° in the neighbourhood of the 
Curie point. The reason for the incomplete agreement 
between theory and experiment is not yet clear, though 
the theory of spontaneous magnetization undoubte(Ry 
provides an ex]^anation of the main effects observed. 

A further confirmation of the theory of spontaneous 
magnetization is afforded by the magneto-caloric effect, 
discovered by Weiss. When a strong magnetic fidd is 
applied to a ferromagnetic, magnetization is accompanied 
by a reversible change of temperature. This is not to 
be confused with the temperature change associated 
with hysteresis, which is irreversible. Further, while 
the temperature change accompanying a hysteresis cycle 
usually does not exceed a few thousandths of a degree, 
the magneto-caloric change may be of the order of one 
degree. Let /dT be the change of temperature due to 
a change AK in the field. By simple thermodynamical 
reasoning it may be shown that 

* If. I*. Bates, Proc. Roy, Soo., in, 080 (1938). 

t W. Suolcsmith atid H. K. Bolter, Proc. Roy. 8oo,, 119, 157 
(1920). 
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The change in tomporaturo should bo gi'eatcsi at the 
Ciuie point, whoro dl/^ is greatest ; this is actually 
found. From tho equation the specific boat, S, may be 
calculated from the magneto caloric data (giving AT/AR) 
and purely magnetic data (giving dl/dT). The specific 
heat so calculated agrees remai’kably well with that 
determined directly (Fig. 16). 



FiO. 16. — Currea 1 and 2. Magneto-oalorio Efioot in Mokel 

1. AH = 17,776 gOTiBB. 

2. AH » 4,160 gauBB. 

Carves 3 and 4. Speoifio Heat of Hiokel. 

3. From magneto oalorio efCeot. 

4. Calorimotrioally. 

It is only the time increase in magnetization which 
is accompanied by tho magneto-caloric temperature 
change, and not that due to lie change of tho direction 
of magnetization in the elementary domains. When the 
intensity of magnetization produced is not too small, 
the temperature change increases linearly with the 
square of the intensity, 

^IT = A(I®-V) .... ( 18 ) 
The constant Iq in this equation represents the spon- 
taneous intensity of magnetization. Measurements on 
the magneto-caloric effect at various temperatures there- 
fore enable the values of spontaneous intensity to be 



■FEBEOMAGNETISM 


77 


deduced. The values agree well with those deduced 
by extrapolation to zero field of the linear parts of the 
ordinary magnetization curves obtained in strong fields. 

The actual magnitude of the decrease in the speoifio 
heat at the Curie temperature presents some points of 
interest. Let A be the atomic weight of the substance, 
% the number of independent magnetic carriers associ- 
ated with each atom. Then on a classical basis (that 
is assiiming that any orientation of the magnetic axes 
of the carriers is possible) it may be shown that ap- 
proximately 


2lS = 


5nR 

IT 


(19) 


If it is assumed that the ferromagnetism is due to 
electron spin, so that the carriers must be parallel or 
anti-parallel to the field 


AS = - 


3n'E 
2 A ‘ 


. (19a) 


In this case n' will give the number of electrons per 
atom which, contribute to the magnetism. The data * 
are given in the following table. 


Table XIJC. 

Specific Heat Change at the Cnrie Point. 

A9 Calories A AS Calories 
per degree per dogree 
per gram, per gram atom. n. 

Niokel . , . '0285 1-7 -34 -57 

Iron . . . -122 6-8 1-36 2-27 

In the last section it was shown that the magnetic 
properties of niokel were in agreement with the view 
that there were 3 effective electrons in 6 atoms, giving 
%' = -6 ; for iron 7 effective electrons in 3 atoms aa’e 
required, giving n' — 2'33. These values agree well 
with those deduced from the specific heat change, 
* See Bi H. Powler and F. Elapitza, Proc. Boy. Soo„ 124, 
1 (1929). 
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g that it is electron spin which is responsible 
ferromagnetisin. 

experiments have recently been made on the 
[1 with temperature of the thermo-elcctrio 
lotive force developed m a circuit containing 
ind a non-ferromagnetio metal.* From the 
1 in passing through the Curie point, the change 
pacific heat of the electrons ’ has been estimated, 
elusion is drawn f that the whole change in 
ioat at the Curie point is to be attributed to 
a ’ electrons, and not to the ions or atoms, 
•ee ’ is a somewhat indefinite term, the essential 
m may be put more satisfactorily in the form 
I electrons responsible for the magnetic effects 
ame as those responsible for the oonduotivity. 
pf attack on the problem is a most interesting 
I the conclusion raises, many difficulties, and 
Joan be accepted further experiments and a 
pous theoretical toeatment are neoeasary. 


iTION OP MAGNETIZATlOlSr WITH PlBLD 

ittention has been mainly directed to the 
^of ferromagnetics connected with the spon- 
agnetization, of which a rough measure is 
/he saturation intensity in relatively strong 
e behaviour of ferromagnetics in relatively 
I is of great technical importance, but as this 
imilior only a brief general account will be 

amer in which the magnetization varies with 
{or a typical specimen of steel is shown in 

a gradually increasing field is applied to an 
lagnetized specimen, the magnetization first 
cwly (AB) and then more rapidly (BO), and 
pwly approaches the saturation value (OD). 

1 and B. Joaaua, ZeiU. fUr Phya., 64, 277 (1029). 
L and I, Kikoin, Zeiia, fw Phya., 64, 289 (1929). 
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For the initial part of the curve the susceptibility is 
approximately given by 

K = g = kq 6II • . . « (20) 

ATo being the ‘initial susceptibility’ and b a constant. 
The initial permeability = 1 +;43r/C|,) varies from 
about 40 for hard steels to as much as 8,000 for some 
iron-nickel alloys. The permeability rises in the steep 
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part of the curve to a maximum and then decreases. 
The maximum permeability for a number of substances 
is given in Table XIII (p. 83). Approximate saturation is 
reached in lower fields the higher lie initial susceptibility. 

When the field is gradually reduced the magnetization 
follows the path DEF. If the field is varied cyclically 
between limits -f- H and — H, a hysteresis curve is 
traced out, of which the upper part is shown in Fig. 16 
(GDEF). If the limiting field is sufficient to saturate 
the specimen, the residual magnetization when the 
field is reduc^ to zero is known as the remanence, 
and is specified by the remanent intensity I,, or induction 
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B,(B, = corresponding to OE in tho figure. 

The reverse field required to reduce the magnetization 
to zero (OE) is known as the oooroivity, H.. 

The oomplioated oharaotor of the magnetization 
curves of feiTomagnctics is due to the occurrence of 
both ‘ reversible ’ and ‘ irreversible ’ changes in the 
process of magnetization. On the theory which has 
been given, in an irreversible change the dhection of 
magnetization in a spontaneously magnetized domain 
turns suddenly through a large angle (possibly two right 
angles). In a reversible change it turns gradually, as 
the fidd increases, towards the direction of tho field, 
taking up an equilibrium direction under the influence 
of the e:^ernal field and that arising from surrounding 
domains. The intensity of magnetization also increases 
slightly, as the effect of the external field is added to 
that of the molecular field. 

To a certain extent the two processes may be sep- 
arated. If the field is deoreas^ by a smaB amount 
(5H when the specimen has reached the state repre- 
sented by M the path MB is not retraced, but the 
intensity decreases by an amount dl represented by 
the short line MP. This change is reversible, for the 
path FM is retraced on increasing the fidd again. 
Similar reversible changes occur on increasing tho field 
slightly at N. The ratio Sl/SS. under these conditions 
is known as the reversible susceptibility k„ and it is 
found to depend only on the intensity of magnetization 
(bdng, for example, the same at M and N). The 
reversible susceptibility is a maximum when the speci- 
men is unmagnetized (being then equal to ko) and faUs 
off towards zero as saturation is approached. The 
curve relating k,/k^ to I/Ia,(I„, bdng the saturation 
intensity) is approximatdy tiue same for different ferro- 
magnetios. 

The irreversible changes occur mainly on the steep 
part of the magnetization curve. If the field is increased 
continuoudy, the magnetization may increase disoon- 
tinuoudy, the magnitude of the discontinuities pre- 
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sumably doi3onding on the size of the domains through 
which sudden changes occur in the direction of magnet- 
ization. Such discontinuities were first demonstrated 
by Barkhausen (1919), who used a device by which 
the sudden changes in magnetization were made audible. 
They were later investigated more directly by Forrer,* 
using a quick-acting magnetometer. He showed that 
for a specially treated nickel wire the magnitude of a 
disconilnuity might reach a considerable fraction of the 
maximum magnetization. Estimates may obviously be 
made of the size of the domams throughout which 
these discontinuous changes occur, but up to the present 
no con'elation has been found between the size of the 
domams, and the size of the crystalline ‘ grains ’ of the 
material. The whole subject is one which promises to 
repay more extensive investigation. 

The area enclosed by a complete hysteresis curve gives 
a measme of the work done in carrying a cubic centi- 
metre of the specimen through the corresponding mag- 
netic cycle. 

W = I Hdl = ^ I HdB . . . (21) 

This work is converted into heat, and is known as the 
‘ hysteresis loss which is greater the greater the 
maximum induction ; the relation being given with 
fan.' approximation by a formula due to Steinmetz 

W = j?Bi® (22) 

Although the rise in temperature due to taking a speci- 
men through a single cycle may be small, it would 
become considerable when continuous rapidly alternat- 
ing fields were applied ; so that, for the material of 
transformer cores, for example, it is necessary that the 
hysteresis loss should be as small as possible. The 
losses for a number of materials are shown below. In 
addition to the hysteresis loss, there is also a loss due 
to eddy currents, The particular suitability of silioon 

* R, Forrer, Joum. de Phya., 7, 109 (1926), 
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steel for transformer cores lies in the fact that not only 
is its hysteresis loss small, but also its spociiic resistance 
is relatively high, so that the eddy current loss is 
greatly diminished. It is of interest to note that the 
Stoinmetz formula (22), though of general application 
as an approximation, is purely empirical. In fact, no 
satisfactory quantitative theoretical treatment of hys- 
teresis seems yet to have been given. 

Eor a material to be suitable for strong permanent 
magnets it is not sufficient that tho true remanence 
(determined by a ring method) should be large. A 
specimen in the form of a bar or a horse-shoe is subject 
to the demagnetizing field due to the poles at its ends, 
and it is necessary ^at the intensity of magnetization 
under the infiuenoe of this field — ^tho apparent reman- 
ence — should be as large as possible. A consideration 
of the shape of tho hysteresis curve will show that the 
apparent remanence wiU approach the true remanenoe 
more nearly the greater the coeroivity. A good ap- 
proximate measure of the efiectivonoss of materials for 
magnets is given by the product of H, and B„ so that 
materials in which the hysteresis loss is small will bo 
quite unsuitable. Since high remanenoe is usually 
associated with low cooroivity, the production of 
materials in which both remanence and coeroivity are 
high has presented a most interesting technical problem. 
High carbon steels have been much used and also tung- 
sten steels. Eor short magnets tho cobalt steels form 
the most suitable material, some of thorn having a 
coeroivity of as much as 240 gauss. 

3omo of the charaoteristios of a number of materials 
are shown in the following table. The maximum in- 
tensity of magnetization depends on the chemical com- 
position, but tho other values depend greatly on tho 
details of the thermal and mechanical teeatment, and 
must be regarded as typical rather than exact. Eor 
technical applications it must be remembered that the 
cost of production is one of the controlling factors 
which h^ to be oonsidered. 
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Tablh XIII. 

Magnetic Constanta of Somo Forromognetio Matoriais. 

W. Hysteresis loss. Ergs por o.o. for Bmiu, = 10,000. 



4frlm<v 

Hr 

n, 

W 

H, X 

Br X 

lO'l 


Electrolyliio lion . 

21,600 

IPI 

0 37 

810 

0-4 

„ 

Dynamo Steel . 

21,420 


0-87 

1,400 

0-4 

14,800 

Cost Iron. .... 


■Iwtiiil 

114 

30,000 

68 

240 

Oaibon Steel (1% C) . 


7,000 

60 


42 


Tungsten Bted <1% C, 
6%W) . . . . 

_ 


62 

_ 

66 


Cobalt Steel (36% Co) 
Sibcon Steel (4% Si) . 


9,310 

227 


211 


10,700 

7,830 

•47 

1,600 

04 

7,600 

Niekel 


3,340 

1'6 


0-6 


Cobalt 


3,100 

12 


S^6 

176 

Ferroniekel (78% Ni) 
(Permalloy) . 


6,600 

•06 

200 

0-03 


Ferrocobalt FeiOo . 


8,230 

27 


2^2 


Heualer Alloy (61% Ou, 
24% Mn 18% Al) . 

4,100 

2,660 

7^3 

— 

1^8 

— 


It would to out of place here to attempt any detailed 
diaoussion of the magnetic properties of the various 
materials, and of the way they are affected by par- 
ticular treatments, for which the technical literature 
must be consulted. The general term ‘ iron ’ is used 
not only for the pure moW, but also for commercial 
iron wMoh may contain a large amount of impurities. 
The magnetic and other properties are greatly affected 
by even small amounts of impurities, and on the manner 
in which they are associated with the iron, depending 
on the mode of manufacture and on the subsequent 
treatment. The effect of varying quantities of carbon, 
in particular, has been investigated in great detail. 
Researches on the effects of additions of silicon, mangan- 
ese, tungsten, chromium have led to the inlioduotion 
of new steels of great technological value. Investiga- 
tions on the binary alloys have led to the discovery of 
ferrocobalt, the saturation intensity of which is greater 
than that of either of its constituents, making it most 
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suitable for the polo pieces of powerful oloctromaguets ; 
and of tho remarkable ferronickel permalloy, which is 
almost saturated in the earth’s magnetic field, and has 
an enormously high initial permeability, making it 
most suitable for the loading of cables. 

That ferromagnetic alloys can be formed from non- 
feixomagnetio constituents was discovered by Heusler 
in 1898, and since then these alloys have been exten- 
sively investigated. Some of the binary alloys of 
manganese are ferromagnetic. In the ternary alloys 
manganese and copper seem to be essential, while a 
number of elements may bo used as the third con- 
stituent. Aluminium gives the most magnetizable 
alloys, the saturation intensity being a maximum for 
about 13 per cent. Al. Heusler has suggested that the 
earner of the ferromagnetism is a group of atoms 
Al, (Ou, — ^with one atom of Al to three of Cu 

and Mn together. Manganese and copper are neighbours 
of the ferromagnetic elements, and it seems probable 
that in this group of atoms eleotronio configurations 
Himilar to those in tho ferromagnetic metals are re- 
produced. 

SrfTGLB CfiVSTAiS 

Becent improvements in the technique for the pro- 
duction of large single crystals have made possible the 
investigation of the magnetic properties of single crystals 
of ferromagnetic metals. Iron (with a body centred 
cubic lattice) has been examined by Beck, Webster, 
Honda and Kaya, and Gorlaoh ; nickel (face centred 
oubic) by Suoksmith, Potter and Broadway and by 
Kaya.’" There is agreement between the different 
investigators as to the general character of the results, 
but differences in detail, which are probably due to 

♦ W. L. Webstar, Proo. Roy. 8oc„ 107, 496 (1923) j K. Honda 
and 8. Eaya, Sd. Rep. Tohoku Vnva., 16, 721 (1926) { W. Qer- 
looh, Zeita. fur Phys., 38, 828 (1926) j 39, 327 (1926) j 44, 279 
(1927) ; W, Suoksmith and H. H. Potter, Proc. Roy. 8oe., 117, 
471 (1928) ; S. Kaya, Sei. Rip. Tohohu XJnko., 17, 1 (1928). 
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the maxkod chaugos in the magnetio properties which 
may ho oausod by small amounts oi impurity, and by 
dilleront mechanical treatment. 

In Webster’s experiments discs some 4'6 mm. in 
diameter and -SS mm. thick, cut parallel to the (1, 0, 0) 
face were used. Saturation (intensity about 1,620) 
occurred in helds of about 1,000 gauss. No variation 
in the intensity parallel to the field for the same field 
in different directions was found except in the region 
just below saturation, where the maxima along the 
quaternary axes exceeded the minima along the diagonals 
% about 15 per cent. Although iron has a cubic 
structure there is a component of the magnetization 
perpendicular to the field, which also has a period of 
90®, being zero when the field is along one of the crystaUo- 
graphic axes. This may be taken as indicating the 
presence of an internal magnetio field with a maximum 
value of about 600 gauss. This internal field is not the 
same as the Weiss molecular field whose value in any 
ferromagnetic must be very large. It is a hypothetic^ 
field to explain the differences in properties in different 
directions, and it has been shown by Mahajani * that 
it can be accounted for by the purely magnetio inter- 
action of the elementary magnets arranged on the 
crystal lattice. The results on nickel are somewhat 
similar in character. 

In Gerlach’s experiments the specimens were in the 
form of cylindrical rods, in which there wore single 
crystals sometimes as long as 3 cm. In some of these 
the crystal axes were inclined at very small angles to 
the axis of the rod, so that the magnetization curves 
for different axes could be obtained. Typical curves 
are shown in Rig. 17. 

Along the cligonal axis saturation (1710±8) was 
attained at 600-800 gauss, along the tetragonal at 
about 160 gauss. The differences in the region just 
below saturation are in agreement with Webster’s 


♦ Q. S. Mahajani, Phil. Trwm., 228, 63 (1929). 
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observations. The best specimens hod a very high 
initial permeability and very small hysteresis ; the 
remanent induction, B„ along the digonal axis was in 
some cases less than 60, and the coercive held as small 
as -05 gauss. The results as a whole suggest that the 
Weiss domains cannot be identified with single crystals, 
but that the ‘ exoellonoo ’ of a crystal depends on the 
degree of perfection with which the domains are joined 



Fia. 17. — Variation of Magnetization with ITiold along the 
Digonal (1) and Tetragonal (2) Axis of a Single Iron Crystal 

together. There is no marked direction of easy magnet, 
iaation, as in pyrrhotite raystals, but the high initial 
permeability is in agreement with the view that there 
are domains throu^out which there is spontaneous 
magnetization to the degree appropriate to the tempera- 
ture. An ordinary crystal is full of imperfections, so 
that the properties oDserved may differ in important 
particulars from those of on ideal crystal, as imper- 
fections of any kind may produce a large effect on the 
magnetic properties. 
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MAGfriSTO-MECTIANlOAIi EOTBOTS 

Although, an enormous amount of experimental 'work 
has been carried out on the change of length aocompany> 
ing magnetization, and allied magneto-mechanical 
efieots, for various ferromagnetics, it cannot be said, 
on the whole, that it has shed much light on the under- 
lying nature of the magnetization process. This is 
partly due to the fact that investigations have for the 
most part been made on ordinary specimens which, 



Pm. 1 8 — Change in Lengtli with Intensity of Magnetissation in a 
Longitudinal Piold along the different Axes of on Iron Crystal 

consisting of an aggregate of micro-orystalB, have an 
ill-defined and varying steucture. Investigations on 
the magneto-striction efiects in single orysteds, such as 
have recently been, carried out by Webster,* and by 
Honda and Mashiyama.t promise to give muob more 
definite and significant information. 

The results of Webster for an iron crystal are shown 
in Kg. 18. 

The elongation will obviously he more closely related 
to the int^ity of magnetization than to the applied 

♦W. L. Webster, Proc. Soy. Soe., 100, 670 (1926). 

t S. Honda and Y. Moshiyama, iSct. Rep. Tohoku Univ.f 
16, 766 (1926). 
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magtietio Cold. Along tho (I, 0, 0) axis there is a oon^ 
tinuous inoroaso, along tho (1 , 1, 1) a continuous dooroaso 
in length. I'or the (], 1, 0) axis there is at first an 
increase and then a decrease, tho curve resembling that 
for soft iron. At high intensities tho elongation is 
approximately a linear function of tho intensity. 

Nickel contracts in all fields, and it is of interest to 
note that while iron nickel alloys with more than 81 
per cent. Ni contract, those with less than 70 per cent, 
expand, so that the high initial permeability of perm- 
alloy (78 per cent. Ni) is assooiatod with a small or 
vanisMng magneto-stiiotion. 

Qener^ dynamical considerations suggest that there 
should be a number of i-eciprooal relations, which have 
largely been verified. Thus it is found that the magnet- 
ization of nickel (which contracts when magnetized) is 
decreased by tension. For iron tension produces an 
increase in magnetization in weak fields and a decrease 
in strong, there being a reversal point corresponding 
to the magneto-striotion reversal point. 

The variety of effects observed with different ferro- 
magnetics shows that magneto-striotion cannot be duo 
to the purely magnetic forces set up by magnetization. 
Magneto-striction and associated effects (such as the 
change in volume on passing through the Curie point) 
must be connected with the molecular field, and Fowler 
and Kapitza * have recently shown that tho Heisenberg 
theory of ferromagnetism, in giving a quantum- 
mechanical explanation of tho origin of the molecular 
field, covers satisfactorily, in a quohtativo way, the 
various magneto-mechanical phenomena, 

Thb tHOTBAOTioir Thbohv OB' ran 

Molboulab Fibu) t 

The molecular field in ferro- and paramagnetics 
cannot originate in the purely mognetio interaction of 

♦ B. H. Fowler and P. Kapitza, Proo. Boy. 8oc,t 124, 1 (1629). 

tW. Haisenboig, Zetia. fur Phye., 49, 619 (1928); see also 
B. H, Fowler and P Kapitza, Proa. Boy. 8oe., 124, 1 (1929). 
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tlio carriers of the magnetic moment, and attempts to 
explain it as dno to an asaooiated elootrostatic inter- 
action have proved unsuccessful. In fact, on a classical 
basis, no satisfactory explanation could bo found of 
those phenomena which are formally correlated by the 
molecular field hypothesis. The old quantum theory 
did little to remove difficulties, for its inadequacies were 
particularly apparent where interaction was concerned ; 
the well known example being the interaction of the 
two electrons in the helium atom. Heisenberg showed 
that with the new mechanics a treatment of the helium 
atom could be given which, in essentials, was com- 
pletely satisfactory. In the theory a new type of 
quantum resonance, corresponding to the interchange 
of the two electrons, plays an important part. Later, 
the Sohradinger methods were applied by Heitler and 
London to the problem of the hydrogen molecule. The 
possibility of tho formation of a stable molecule was 
found to arise from an interohange interaction of the 
electrons in the two atoms, which has no classical 
counterpart. A great step forward in magnetism has 
been made by Heisenberg in showing that molecular 
field phenomena take their place in the quantum- 
mechanical scheme os arising from an interchange inter- 
action of this kind. Although the details cannot be 
considered here, it seems desirable to give a brief 
indication of the general idea, which may be best 
approached by considering the interaction of ^o normal 
hydrogen atoms. 

For a system consisting of two hydrogen atoms at 
a given distance apart, it is found that two different 
energies ore possible, one corresponding to an attraction 
and the other to a repulsion. The difference in energy 
of the two states is large compared with the magnetic 
energy due to the electron spins. In the state of lower 
energy, in which the solution of the Schfodinger equation 
is symmetrical with respect to the co-ordinates of the 
electrons (ignoring the spins), the spins ore antiparallel. 
It is this solution which corresponds to molecule forma- 
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tion. Tho diflerenoe in energy between this state and 
one in which only tho ordinary elootrostatio interaction 
of the two atoms is considered is dne to a pertxu’bation 
which arises from the fact that tho olootrou in the 
first atom may also be regarded as forming part of the 
system of the second atom, and that of tho second as 
forming part of the system oi the first. There may bo, 
BO to speak, an interohai^e of identity between the 
electrons of tho two atoms. This interchange inter- 
action gives rise to a term in the complete expression 
for the energy 'of the form 




( 23 ) 


where h, I refer to the two electrons, and /c, A to the 
two nnolei. The y’s are tho characteristic functions ^ 
the unperturbed systems, and the dr’s elements of the 
eonfiguration space of the specified electrons. This new 
type of interaction is peculiarly characteristic of the 
new quantum mechanics, and is of the greatest im- 
portance in connexion with tho formation of molecules 
and crystals. 

With a view to elucidating the phenomena of ferro- 
magnetism, Heisenberg has worked out the general 
effect of interchange interaction on the magnetic pro- 
perties of a crystal consisting of a lattice of siimar 
atoms, each with one interacting electron. These elco- 
tcons only are supposed to contribute to the magnetiza- 
tion, Each state of the system as a whole is char- 
aoterized by a definite spin moment 8h/2n depending 
on the number of unpaired electrons. Although it is 
not possible to specify the energy of all tho states 
corresponding to a moment a, the mean energy of these 
states can be calculated. When an external field H is 
applied there will be an additional energy depending 
on the projection m oi s along H. A oompUoated 
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statistical treatment is tlion necessary to determine 
the most probable value of m, and so of the magnetio 
moment. The result only will be quoted, in a form 
suitable for comparison with the Weiss equations for 
ferromagnetism (2 and 3). 

The expressions are simplified by using a number of 
abbreviations. 

n = total number of electrons. 

n' = number of unpaired electrons. 

y = n'/n. 

a = /iH./kT where is the magnetio moment of 
the electron. 

jS = zJo/JfS where z is the number of neighbours 
surrounding each atom, and Jo an inter- 
action integral of the type (23). 

The two simultaneous equations determining the state 
of magnetization are then 

y ~ tanh x (24) 

+ . . (26) 


To exhibit the relation of these to the Weiss equations 
(2 and 3), it should be noted that when the magnetiza- 
tion is due to electron spin, cr/oo becomes equal to 
n'/n (= y\ and, as there are only two directions for 
the spin, the Langevin expression coth a — 1/a has to 
be replaced by tanh a. When an external field is 
applied the Weiss equations, with the above abbrevia- 
tions, would become 

y = tanh a (26) 


+ mRT^ 


0 = a 4- 


fcT ® 


(27) 


where lo is the saturation intensity of magnetization, 
BO that NIa is the maximum mdeoulax field. Ho, say. 
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Comparing the two sets of equations, 
proximation 


NIo/{ 8 zJb 

y — 


2]fcT" 


as a rough ap> 


NIo = Ho = ^“ (28) 

The molecular field is thus exhibited not as a field at 
all in the ordinary sense, but as a manifestation of the 
interchange interaction of the electrons, and as being 
proportional to its magnitude. 

When there is no external field the Heisenberg 
equations (neglecting terms in become 

y = tanh x (29) 


The graphs of these equations are somewhat similar 
in form to those of Fig. 9. For spontaneous magnetiza- 
tion to occur the slope of (30) must be less than the 
slope of the tangent at the origin of (29). This gives 

(31) 


The expression on the left is a maximum when /? = z/2. 
As an approximation (since the term has been 
neglected^ for ferromagnetism to occur the following 
condition must hold. 

z/2 - z^/iz > 2 

z > 8 . . . . (32) 

Each atom in the lattice must have at least eight 
n^hbours. This condition is satisfied by the ferro- 
magnetic elements which, in the ferromagnetic state, 
have either face-centred or cube-centred cubic lattices. 

The theory thus shows that the molecular field pheno- 
mena bothinfeero- and para-magnetics may be attributed 
to interchange interaotion, the value of 6 in the Weiss 
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equation for paramagnetios x = C/(T — 6), or the Curie 
temperature in ferromagneticB being approximately 
proportional to the interaction. For ferromagnetism 
to occur it is necessary that Jo should be positive, and 
in iron of the order of magnitude 10'^® erg (1/50 electron 
volts). For hydrogen atoms Jj is essentiaUy negative, 
but Heisenberg shows that for higher quantum numbers 
Jo may be positive. He estimates that for this to occur 
the lowest total quantum number n of the interacting 
electrons must be about 3. This condition is again 
fulfilled by the ferromagnetic elements. It does not 
follow that Jo is necessarily positive for high quantum 
numbers, as is shown by the fact that 0 is negative for 
y iron. The part of the theory concerned with the 
numerical magnitude of Jo is as yet little developed 
owing to the mathematical difficulties. There is no 
explanation as to why ferromagnetism among elements 
is peouHar to only three of them. It should be noted 
that the interaction which affects the magnetic properties 
may be only a small part of the total interaction, as 
has been shown by Fowler and Kapitza. The model 
with one interacting electron per atom is of course 
much simpler than that corresponding to any actual 
ferromagnetic. In iron, for example, the saturation 
intensity and the change of specific heat at the Curie 
point show that there must be two or three electrons 
per atom concerned in the magnetic effects. These 
considerations show that the theory must be developed 
much further before it can be considered completely 
satisfactory ; but there is a great advance in the elucida- 
tion of the significance in the general theoretical scheme 
of the hitherto baffling molecular field phenomena. 



CHAPTER V 

MAGNETIC PROPERTIES OF THE ELEMENTS 


SusOHPTIBmTY 

T he magnetic propwtios of the ferromagnetio 
elements and of the inert gases have already been 
considered, and also those of some of the elements which 
exist at ordinary temperatnres as gases, such as oxygen, 
nitrogen and chlorine. The most comprehensive in* 
vestigation of the elements generally is that started hy 
Honda * and continued by Owen.t The susceptibilities 
of some 60 elements were measured at temperatnres 
ranging from that of liquid air to about 1,200“ C. The 
elements were obtained in as pure a state as possible, 
and particular care was token to eliminate errors which 
may arise from the -presenco of even small traces of 
iron. The results, supplemented by those of later 
workers, enable a survey of the magnetic properties of 
the elements to be made. The susceptibilities of many 
of the elements are very small, and as the results of 
diJScront experimenters often diEer considoi'ably, it is 
only justifiable to regard the values quoted as correct 
as to order of magnitude for the pure elements. The 
relative values at different temperatures are probably 
more certain, and it is in this reboot that the results 
ate most remarkable. The susoeptibiUty of many dia- 
magnetio elements varies considerably with the tem- 
perature. Among paromagnetio elements the susoepti- 
hUity of some is approximately constant, while that of 
others actually increases with increadng temperature. 
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In dia< and paramaguctios of tlie polar salt type the 
nature of the magnetic carriers is fairly well defined. 
The bubstanoes may be regarded as aggregates of quasi- 
independent ions, and to these the general theory as to 
susceptibility and its variation with temperature can 
be applied. It is, however, not legitimate to regard 
a metal simply as an aggregate of atoms with character- 
istics similar to those which they have in the free state. 
This is shown by the magnetic evidence itself, for para- 
magnetic atoms, such as copper and silver, may form 
a diamagnetic solid. In a metal there are free electrons, 
and there may be complex interchanges of electrons 
between the atoms. The efiect of an increase of tem- 
perature on the magnetic properties may bo very different 
from that on a substance in which the nature of the 
magnetic carriers is unchanged. It may, for example, 
produce a partial freeing of paramagnetic carriers from 
aggregates, this resulting in an increase in the para- 
magnetism as the temperature rises. 

These considerations make it clear why there are no 
very simple or obvious periodic relations in the magnetic 
susceptibiliiaos of the elements. Eacdi element presents 
a separate problem. Only a brief general survey of the 
results will be given here, the elements being ordered 
in accordance with their periodic positions. H particu- 
lar groups of elements are considered some regularities 
do emerge. (Elements are followed by their atomic 
numbers. Where stated the susceptibilitieB given are 

X 10«.) 

The transition elements Ti (22) — ^Mn (25), Mo (42) — 
Pd (46) and La (57) — ^Pt (78) are paramagnetic. Among 
these the rare earths, Pt and Pd roughly follow a Weiss 
law with a laige negative value for d. They give 
approximate magneton values of the same order of 
magnitude as those found for normal paramagnetics. — 
Pd 9-7, Pt 10, Ce 11, Pr 14-6, Br 14*6. 

In the first group Na (11), K. (19), and Rb (S7) have 
a small constant parama^tism ; Cs (55) is diamagnetic. 
Cu (29), Ag (47) and An (79) are diamagnetic, the bus- 
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coptibility increasing with increasing atomic number 
from — S'4 (Cu) to — 29-6 (An). 

The elements of tho Mg group, with the doubtful 
exception of Sr, are paramagnetic, Oa (20) having a 
constant susceptibility of about + 44. Zn (30), Cd (48) 
and Hg (80) are increasingly diamagnetic. 

Al (13) has a varying paramagnetism, but Ga (31), 
In (49) and T1 (81) are diamagnetic, tho diamagnetism 
decreasing with increasing temperature. 

The elements of the foimth group (C — Pb) are dia- 
magnetic, except for one form of Sn (60). While grey tin 
is diamagnetic, the white tetragonal variety is para' 
magnetic. The values for the difierent allotropio forms 
of carbon dlSer considerably. 

As (33) Sb (61) and Bi (83) are diamagnetic. The 
susceptibility of Bi is very high ( — 293) and it 
decreases linearly with temperature up to the molting 
point (273° 0.) ; at the melting point the susceptibility 
diminishes abruptly to about -- 8, and then remains 
constant. 

S (16), Se (34) and Te (62) are increasingly diamagnetic 
and also Br (36) and I (63). 

In general tho mass susceptibilities of the diamag- 
netic elements Ue between — 10"' and — 10"*, and in 
families of diamagnetic elements, the atomic suscepti- 
bility increases wiSi increasing atomic number. On the 
theory developed in the chapter on diamagnetisra tho 
values indicate a root mean squaro radius for the 
elootronio orbits ranging from about >3 to -9 X 10"® cm. 
— ^a reasonable order of rat^itude. The high suscopti- 
bflity of bismuth, however, has led to the suggestion, 
by Ehronfest, that electron orbits may sometimes en- 
circle two or more nuclei. As the temperature rises 
the aggregates break up, and the lic^uid has a much 
lower susceptibility, suggesting that the electrons then 
enoirde only a single nucleus. The electron orbit inter- 
pretation can, of course, readily be restated in terms of 
the space ohm-ge distribution conception of the atom. 

In a solid ^meut there may be present both dia- 
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magaotio and paramagnotio systems, and if those change 
with changing tomperatuie, many of the general results 
lor the elements can bo tenia tavely explained in terms 
of the usual theory in a qualitative manner— though a 
detailed interpretation of the results for particular ele- 
ments would require much further investigation. There 
is one outstanding fact, however, which does require 
further e3q>lanation, namely the occurrence, in some 
elements, of an approximately constant paramagnetism 
which is considerably smaller than that of any normal 
paramagnetics. Pauli has shown that this may be due 
to the peculiar characteristics of aggregates of free 
electrons indicated by quantum statistical theory. 

THB PAT tAWA OKTHITTRItf OX FBBB ELEOTBONS 

Theory . — ^Metallic conduction at once reodves a 
general explanation on the assumption that there are 
free electrons present in metals. The number of elec- 
trons required, however, is of the same order as the 
number of atoms, and a serious difficulty was encountered 
in that they apparently made practically no contribu- 
tion to the specific heat. The spectroscopic facts in- 
dicate that the electron has a magnetic moment, so it 
would seem too that metals should be paramagnetic ; 
yet the susceptibility results show that the paramag- 
netism of the ‘ dootron gas ’ must certainly be very 
small. 

These difficulties have been resolved by an elegant 
application of the Fermi statistics to the electron gas. 
gommerfeld has shown that the contribution to the 
specific heat at ordinary temperatures will be negligible, 
and Pauli * has calculated the paramagnetism and 
shown that it will be small and approximately constant. 
The argument will be outlined, but for detidls of the 
calculations reference must be made to the original 
papers. 

* W. Pauli, ZbUb. jur Pftys., 41, 81 (1927). For a sio^le, but 
less general derivation, of the ausoeptibility fomnda, see 

Pmikel, Zetie. fw Pltga,, 49, 31 (1928). 
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The number of electrons in the difieront quantum 
groups of an atom is limited. The possible number 
may be deduced from the Pauli prinoiplo that there 
cannot bo more than one electron with a specified set 
of four quantum numbers (w, Z, «i, and m,), or that 
there cannot be more than two with the same set of 
three quantum numbers specifying tho orbital motion 
(n, I and ot,). The possibility of two arises from the 
fact that there are two possible directions for the spin 
— + i or — i). In an atom, then, there cannot be 
more than one electron in one particular state. (The 
wave mechanical formulation of the Pauli principle is 
different, but the content is the same.) This limitation 
on the number of electrons in definite states in atoms 
has been extended by Fermi to the case of similar 
mass particles in an enclosure. The Fermi statistics is 
based on a limitation on the number of similar mass 
particles in a given volume with momenta within a 
given range. 

The quantization of tramlatory motion is least arti> 
ficially ap^oached by considering the wave aspect of 
mass particles. Tho wave lengtii associated with a 
mass particle of momentum p {p — mv) is given by 
X = h/p. Now the number of possible stationary vibra- 
tions in a volume V with wave length in a range dX 
is equal to Correspondingly (substituting 

h/p for A) the number of possible values of the momentum 
in a range dp is equal to Y-iircpHp/h^. According to 
the Fermi limitation, this gives also tho maximum 
number of sinulai particles with momenta in this range ; 
otherwise expressed, there cannot be more than ono 
particle (of statistical weight 1) in each 'unit cell A® of 
the 6-dimensional phase space, so that there cannot be 
more than 1 pai-tide with momentum in a range dp 
such that 

inp^dp = ft®/V .... (1) 

Fllfiotrons, with two directions of spin, have a statistical 
weight 2, and there cannot be more than 2 electrons in 
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Giis range. At absolute zero the electrons in the 
‘ electron gas ’ in a metal ■will have tho lo-wcst possible 
energy and -will congregate in the cells corresponding to 
the lowest possible momenta. Let N be the numbesr 
of electrons in the volume V [n per unit volume) ; these 
will congregate in pairs in the Z lowest cells, where 
Z — N/2. On the above basis the mean energy of the 
electrons at absolute zero may be shown to be 


- _A^V— 

” 40 m\ 3t ) 


■ ( 2 ) 


The relation between the energy So of the electrons in 
the highest cell at absolute zero and the mean energy 
Co is 


Co 



(3) 


Since the factor — enters into the expression for g, the 


minimum energy of an aggregate of electrons is much 
greater than that of an aggregate of atoms. The mean 
energy of electrons at a concentration ec[ual to that of 
atoms in metals -will be of the same order as that of 
the atoms of a classical gas at about 10,000 degrees ; 
it will change little -with temperature, and at ordinary 
temperatures the electron gas may still be treated as 
completely ‘ degenerate ’ as at absolute zero. 

The process of magnetization consists in a reversal in 
the direction of the magnetic moment of some of the 
electrons, which, in the absence of a held, ore balanced 
in pairs. Since there cannot be more than one electron 
in each cell ■with its spin moment parallel to the field, 
magnetization necessarily involves the removal of 
electrons to cells corresponding to higher energy. The 
process can only oontinue as long as the ohange in 
magnetio energy is sufficient to b^nce the necessary 
increase in hinetio energy. Let Js he the dffierenee 
in energy of eleotrons in successive cells in the region 
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of maximum momentum ; lot ^ be tho magnetic moment 
of the electron, and let as be the number of eleotrom 
removed from the initially highest cells, to the * 
successive higher ones. For the os'* electron the change 
in magnetic energy is equal to the change in kinetic 
energy. 

2*^1 e = 2/iH (4) 

The total magnetio moment is then 2x/{, and the volume 
susceptibility, k, is given by 


_ 

~ VH ~ YAc 


. ( 6 ) 


^ Bn 

Ae may be shown to be equal to g jj 

3^®N 9 fihi 

''~26oV "" 260 "10 io 

“‘w-jd)"’. ... (6) 

Substituting eJi/4mm for /ji, and inserting numerioal 
values, Hub gives 

K = 2'209 X ... (7) 

The theory, then, indicates that the paramagnetism due 
to free electrons will be small and that for n constant 
it -Hdll vary little with temperature. For metals with 
a number of freo electrons equal to the number of atoms 
(of ^ order of 10®* per o.o.) the calculated volume 
susceptibility is of the order of 10^. 

Com/parison with Sxperimera, — ^Pauli has calculated 
the susceptibility of the electron gas in the alkali metals 
on the assumption that th»e is one free electron per 
atom. The remaining pomtive ions, however, will then 
make a diamagnetic contribution to the susceptibility, 
and it seems desirable that some allowance should be 
made for this, even if it can only be done roughly. 
In the following table the gram atomic susceptibility 
Xi, is calotdated as the sum of tho gram el^tronic 
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Busooptibility Xn (from 7) and that of tho positive ions 
Xahj obtained from Ikenmeyer’s results (Table I, 
Chapter II). MoLennan’s results show that the susoep- 
tibiiitios of the alkali metals are approadmately oonslant 
from room temperature down to — 190° 0. At the 
melting point there is an abrupt but small decrease, 
and above a gradual increase in the susceptibility with 
temperature (Sucksmith). The values in the table are 
those at 0° 0. 


I Tabus XIV. 


Calculated and Cbserved SuseeptibilitieB of Alkali Metals 
Xa X 10*. 



Na 

K 

Bb 

Cs 

Yb Calc 

16 6 

23 6 

■1 

32 3 

Obs 

- 10 4 

- 16 9 


- 46-7 

Xi. Oalo 

6-2 

6-7 

B 

- 13-4 

(H* . . . 

12 

16 

e 

- 13 

j;AOba.]S+ . . . 

14 

20 

e 

- 7 

lilt , . . 

14 

19 

17 

28 


No very close agreement between the calculated and 
observed values would be expected. The calculated 
value of depends on the assumption made as to the 
number cS free electrons, but so long as the number does 
not differ greatly from 1 per atom Vd (depending on 
will be approximately correct. It is only if there 
is one free electron per atom, however, that the dia- 
magnetic contribution of Idie ions be can estimated 

* K, Honda and M. Owen, l.e. 
t W. Suoksinitli, PM. Mag., 2, 21 (1826). 
t J. C. McLennan, B. Ruedy and E. Cohen, Ftvo. Boy. Soo., 
lie, 468 (1927). 
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and the iona in the metal will certainly not have exactly 
the same charge distribution as the iona in a polar salt. 
As was seen before, the diamagnetism of the ions in 
salts is not accurately known j for Na"* , in particular, 
the true value is probably smaUei’ than 104 (see Table 
IV, Chapter II), and this would bring the calculated and 
observed values of Xa. closer agreement, Finally 
the observed values of Xi difier considerably, this being 
partly due to the dif&culty of estimating exactly the 
efiect of impurities. The results of Honda and Suck- 
smith are in agreement in indicating that Bb is less 
paramagnetio than £, and that Cs is diamagnetic. As 
the calculated values of Xl drfier little, this fits in with 
the view that there are both dia- and para-mognetio 
efiects, the diamagnetic efiect increasing with inoroasing 
atomic number. The idea of free electrons is latheir a 
loose one. In a metal the so-caUed free electrons must 
interact to some extent with the ions, and in a complete 
theory this interaction will have to be taken into 
account. Still, the results as a whole show that Pauli’s 
theory of the paramagnetism of free electrons in its 
present form is a valuable contribution towards the 
understanding of somo of the puzzling features of the 
susceptibilities of elements. 

Thb Ohanqb OB Elbotbioal OoNDUonvirY IN 
StBONG MA.QNBTIO ElBIJ)S 

Among the most remarkable achievements in physical 
research in recent times is that of Kapitza, at the 
Magnetic Laboratory at Oambridgo, in deveioping a 
method of obtaining very strong magnetic fields and 
investigating their effect on atomic phenomena. It is 
beyond the range of this book to describe the elaborate 
technique, but a brief account will be given of the 
results on the effect of strong fields on the oonduotivity 
of elements. In order to obtain a strong field it is 


* E. Kapitza, Proo. Poy. Soo., 116, 668 (1927). 
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necessary to have a largo current flowing in a coil. 
The overheating which would normally occur is avoided 
by allowing the current — obtained by short circuiting 
a specially constructed A,C, generator of the turbo- 
alternator type — ^to flow only for a very short time, 
about a hundredth of a second. Toohnical difficulties 
coxmeoted with the switohes, the timing arrangements, 
and the oonsfaruotion of coils to withstand the enormous 
strain set up have been successfully overcome. Fields 
up to 360,000 gauss over a volume of about 2 c.c. have 
been used — about 7 times greater than those obtain- 
able with the most powerful electromagnets over con- 
siderably smaller volumes — and larger fields are possible. 
In determining the electrical conductivity in magnetic 
fields, the current through the specimen and the potential 
difierence across it, together with the current through 
the coil (giving the magnotic field) are observed by 
osoillographio methods, tho three curves being recorded 
on a sin^e plate. 

After a detailed investigation of bismuth,* a systematic 
survey was made of some 36 elements.t For impurities 
to have only a small influence, a purity of at least 
99'9 per cent, was essential, The change in resistance 
in fields up to 320 kilogauss transverse to the current 
was measured at room temperature (290° A.), at the 
temperature of solid 00, and ether (193° A.), and at 
the temperature of liquid nitrogen (88° A.), and it was 
also measured in parallel fields for a few elements. The 
general character of the results is indicated by the . 
curves shown for magnesium. 

For the weaker magnetic fields (below a certain 
critical value HJ, ihe relative change in resistance is 
proportional to the square of the field — as had been 
found by previous investigators. In stronger Adds, 
however, the resistance change increases linearly with 
the field. Within the limits of experimental error the 
results may be expressed by the following formu]©— 

* P. Kapitza, Proo. Boy, 8oe., 119, 368 (1928). 

fP. Sapitza, Proa. Boy, Soo,, 123, 298 (1929). 
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The critical field vaaies, for diffei’ent elements, between 
6 and 250 kilogauss. The physical state of a conductor, 
depending on the hardening or annealing processes it 



Fiq. 19. — Change of Beeistonce of Magnesium in a TnmavorBe 
Mognotio Field 

(1) 290“ Aba. (2) 198“ Abe, (3) 88“ Abe. 


has undergone, produces a marked effect, but the im- 
portant fact emerges that it influences only Ht, leaving 

practically constant. 

The theory put forward by Kapitza is based on tho view 
that the linear law is the ideal law of change of resistance, 
but that this is masked in small external fields owing 
to an initial disturbance in the metal. This disturbance 
may be treated as equivalent to that produced by an 
initial field h distributed at random ; tho field h being 
equivalent in its effects to a magnetic field, though not 
necessarily magnetic in ori^. (It seems probable that 
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the offeota arc ooiinooled with quantum iiilerohange 
energy, as in Iloisonborg’s theory of forroinagnotism.) 
Lot pjii bo tho change in roaiatanoo duo to a hold h 
parallel to the ourront, and that duo to a hold 
normal to tho current. 

7i||I dR/R = /3,A , . . . (9o) 

7i±I dR/R = ;8.74 . . . . (97>) 

For a held h distributed at random tho ratio of the 
‘ additional resistance ’ dRo to the ‘ ideal ’ rcsistanco R; 
will then be given by 

dR„/R, = J(2)S„ + j8,)7i . . . (10) 

The observed resistanoe is equal to the sum of the ideal 
and additional resistance 

R = R< + dRo .... (11) 
To determine the efieot of an external held H it is 
necessary to calculate the resultant effect of the vectorial 
sum of H and the randomly distributed h. The results 
will differ according to the relative magnitudes of 
and Py Where these have both been moosiu'ed they 
do actually differ, but their ratio is such that the 
general character of the results is the somo as that 
obtained by assuming them to be equal. This assump- 
tion gives a simple Umiting case, the oonsidoration of 
which brings out tho main points. Lot 
The calculation then gives 

dR/E, = PoB.ySS, H < H* . . (12a) 

dR/R, = /3 b(H - h; + H*y3H) H > H* . . (126) 
where Hj, = h. These equations oro the same as thoso 
found experimentally (8) except that R, and /5 d take 
the place of R and j9. The variation with field is shown 
in Fig. 20. 

For the asymptote of the curve 

dR'/R, = /So(H - FJ .... (13) 
or substituting from (10) 

dR'/R, = jSoH - ^Ro/R< . . . (14) 
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The intercept of the asymptote on the H axis therefore 
gives Ht, equal to the initial held h ; and the intercept 
on the axis, the ratio of the additional to the 

ideal resistance. Using (11) and noting that /JoRi = 
jdR, the theoretically significant constants and Bj 
can readily he obtained from the observed values of 
j9, Hi and R. 

The experimental results enable the ideal resistance 
to be separated from the additional resistance. It is 
foimd that the variation in resistance of differently 



¥ia. 20. — ^Disgrom showing the BigniQoonoo of the Intercepts 
mOide by the Asymptote to the Itesistonoe-fleld Curve 

treated specimens is almost entirely duo to variations 
in the additional resistance. Eor two specimens of gold, 
for example, one soft and tho other hard, the specific 
resistances a at liquid nitrogen temperatures (10"® units) 
were 487 and *620 ; the additional resistances were 
•036 and *064, the ideal resistances a* being practically 
Gie same, 462 and *466. The ad^tional resistance 
varies litlle with temperature, but the ideal resistance 
decreases contmuously as the temperature is lowered, 
and at a sufficiently low temperatme it has immeasur- 
ably small values. A compariBoa of the data indicates 
that the additional resistance is identical with the 
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‘ residual ’ resistance of Onnes — ^this being tlio practically 
constant rosistanco reached by most metals for the last 
10 or 20 degrees approaching absolute zero. Kapitza 
suggests that supra-conduotivity is duo to the disap- 
pearance (for some unknown reason) of tho additional 
resistance, and that it is quite possible that supra- 
conductivity would be found in all motals if they could 
be obtained in a sufficiently pure and undisturbed 
state. 

Prom the coefficient jS, the absolute increase in resist- 
ance per atom in the undisturbed metal in a field 
of 1 gauss may be calculated, and this is probably of 
greater significance. 

Aa^=^ .... (16) 

The values of Aa, apparently tend to a limit as absolute 
zero is approached, but experiments have not yet been 
carried out at low enough temperatures to determine 
these limiting values. The inffications ore that AOa 
is of the same order of magnitude in each group of 
elements, being smallest in the first group (at 88° abs., 
X 10^® = 5-8 for Au) and rising to a maximum 
towards the middle of the poriodio table. The resist- 
ance increase of most of the transition elements is 
small. 

Small amounts of impurities give rise, like phjrsioal 
distortion, to an increase in the critical field ; that is 
to say, they ore associated, on tho view dosoribod, with 
an incroase in the inititd disturbing field. A large 
amount of impurity, as in an alloy, produces a similar 
effect to an inox'ease in temperature — ^it produces an 
increase in R, and a decrease in /?o. A definite motaUio 
compound, such as CusAs, in which the atoms arc 
arranged regularly, behaves like a pure metal. 

It &ould be noted that the theory cannot bo applied 
without modification to semi-oonduotars, such as Ge 
and Te, and to the associated elements As, Sb, and Bi. 
In these the resistance increase (Acf^) is very much 
greater. It is suggested that there are what may be 



108 MAGNETISM 

roughly described as ‘ tight ’ and ' loose ’ bonds round 
the atoms (the loose bonds being thoso associated 'with 
conduction electrons) and that the magnetic field has 
a second effect in disturbing the equilibrium between 
these. 

The essential fact which emerges from these investi- 
gations is that, ideally, tho change in resistance is pro- 
portional to the field. In all the theories which have 
previously been put forward, the change of resistance, 
as calculated from the effect of the field on the motion 
of the electrons, is proportional to the square of the 
field, and is much smaller than that found experiment- 
ally, Kapitza suggests that the effect of the field is 
to change the scattering power for electrons of the 
individual atoms. It is mown from the Hamsauer 
effect that the scattering power depends on the sym- 
metry of the atoms, that of inert gas atoms being very 
small. The magnetic field may ^turb the symmetiy 
of the atoms, increasing their scattering power, and so 
increasing the resistance. 

The hypothesis of an initial disturbing field is fully 
justified by its success. If it is equivalent in its effect 
to a magnetic field it may have an important bearing 
on the problem of the susoeptibUities of tho elements, 
for the magnotio moment (and so the observed susoop- 
tibUity) will depend on the initial as well as on the 
applied field. The large effect of impurities in modi- 
fying the initial field may account for tho look of 
agreement in the susceptibility results of different 
observers. 

The value of a strong magnetic field as a weapon of 
attack on atomic problems is shown by Kapitza’s work, 
It not only sheds an entirely now light on electrical 
conduction, but it provide an enormous amount of 
i nf ormation about the properties of a large number of 
elements and tho effect of impurities on them. In 
QOtmexion with the change of electrical conductivity 
in magnetio fields, much further experimental work 
remains to be done, and much of the theoretical treat- 
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ment is very lentativo. The intorost of an invostiga- 
lion, however, lies not only in what has l)ooti ochievod, 
but also in the incentive it gives towards further 
inquiry. 
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I N reviewing the state of magnetism towards the end 
of 1925, it was suggested that there were three 
outstanding problems — ‘ Perhaps the outstanding mag- 
netic problems are those connected with the gyromag- 
netio anomaly, the mechanism of orientation, and the 
nature of internal holds. The first is related to the 
difficulty of giving a physically significant treatment of 
the Zeeman effect ; the second to the super-mechanical 
tendency of systems to assume quantum stationary 
states ; and the third to the general problem of crystal 
structure and stabUity.”" To a certam extent, all these 
problems have now been solved, in the sense that the 
phenomena concerned no longer appear as particular 
anomalies, but are covered by the general theoretical 
scheme. The gyromagnetio anomaly, and many of the 
peculiarities of the Zeeman effect could be explained on 
the assumption that the electron had a definite mechan- 
ical and magnetic moment ; and the empirically neces- 
sary values of these were later shown to follow from 
the requirement that the equations of motion of the 
dectron must satisfy conditions imposed by relativity 
and quantum mechanics. The quantum mechaniod 
conception of the atom is much less definite than the 
orbited conception, and the problem of orientation, and 
of the time required for orientation, no longer arises 
in the old form. The idea of orientation or change of 
orientation implies a quasi-r^dd body. With the new 
conceptions, a definite orientation must be interpreted 
as meaning simply a definite distribution of charge or 
of * probability With respect to the time required 
for orientation in a field, the principle of indefiniteness, 
* Magnetism and Atomio Structure, p. 3S6. 
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of which quantum mechanics provides a quantitative 
formulation, shows that tho detorminatonoss of orienta- 
tion (or of energy depending on orientation) depends on 
the interval of time to which tho determination applies, 
the dependence being such as to remove the former 
difiSoulties. There is no oountorpait in the older quan- 
tum theory to the intorchango interaction of electrons 
in different atoms which plays an important part in 
the new quantum mechanics. While the theory is still 
incomplete, it is fairly certain that the eSects attributed 
to the hypothetical molecular field are due to this 
quantum interaction. The first step towards the 
elucidation of related problems as to the struotmn and 
stability of aggregates of atoms is provided by the 
quantum mechanical treatment of simple molecules. 

Am ong the problems referred to, those coimeoted 
with molecular fields have been by no means com- 
pletely cleared up ; but whereas a few years ago the 
molecular field could not be e3q)lained at aU, it is now 
seen as a particular example of a 'more general pheno- 
menon. It is in the further development and applica- 
tion of quantum mechanics that a mUer understanding 
of the magnetic properties of materials must be sought. 

In matters or detail magnetism presents a large 
number of experimental and theoretical problems, as 
will be apparent from tho topics which have been dealt 
with in this book. To mention an obvious example on 
tho experimental side, the susceptibility data for many 
dia- and para-magnetics are very uncertain, and none 
are available at all for many substanoes whoso magnetic 
charooteristios would be of groat interest. Tho exact 
significance of the values found for the moments of many 
paramagnetio ions, and of their variability, is by no 
moons dear. There is no satisfactory theory os to why 
ferromagnetism appears in such a limited number of 
substanoes, while practically the whole of the detailed 
behaviour of ferromagnetios, thermal and mechanical, 
as well as magnetic, requires further inyestigation and 
e:!q)lanation. 
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It ia by tlio investigation of dotails tliat soionoe 
progresses, but it is to tbo linlcing togothor of details 
that it owes its strength. This account of a restricted 
range of magnetism haa illustrated the two processes, 
and has indicated how far magnetic phenomena lit into 
a wider systematic symbolical scheme. 



NOTE ON BOOKS AND 
ARTICLES 


For the fundamental principles, any good text-book 
on Electricity and Magnetism, such as Starling’s or 
Pidduck’s, may be consulted ; for the mathematical 
theory, Jeans’ EUcMcity and Magnetism, 

A rather more gcner^ account of Magnetism than 
that given here, with sections on the history and on 
magnetic measurements, will be found in the Encyclo- 
pcedia Britannica (1929). 

For particular topics the following are suggested ; 

D. W. Dye, Magnetic Measurements in A Dictionary of 

Applied Physics (1922). — ^Measurements, and pro- 
p^ies of ferromagnetics. 

E. 0. Stoner, Magnetism and Atomic Strudure (1926). — 

Experimental and theoretical work on ^a- and 
para-magnetism, the Zeeman effect, etc. 

W. Peddie, Molecular Magnetism (1929), — ^Magnetic 
properties of crystals. 

T. F. WaU, Applied Magnetism (1926) and T. Spooner, 
ProperUes and Testing of Magnetic Materials (1927), 
— ^Technology. 

There are chapters dealing mainly with atomic 
magnetism in E. N. da 0. Andrade, The Structure of the 
Atom (1927) and H. A. Wilson, Modem Physics (1928). 

In French there is a short outline by P, Weiss and 
Gr. Fo8x — Le magnMimne (1926). 

In German there is an excellent article by P. Debye — 
Theorie der dektrischen und magnetischen Molehidardg„ 
enschafien — ^in the Sandbuch der JRadiologie, Vol. 
(1925), while there is a comprehensive survey of the 
whole subject by various writers in the Bandbuch der 
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Physih, Volfl. XV and XVI (1927). Vol. XVI has 
articles on measurements, and Vol. XV on the magnetic 
field, on dia- and para- and feiTomagnotism, and on 
fei’L’omagnetio materials, the last being of pai’ticular 
interest. 

A comprehensive eoUeetion of numerical data on 
magnetism is given in the Iniemational Gritical TcMes, 
Vol. VT, pp. 346-441 (1929). 

For further details of the developments of the last 
few years, reference must be made to the original papers. 
The annual index to Sci&nc& Abatracta provides a 
bibliography. 
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